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g U N I V E R S I T Y  O F  E D I N B U R G H  

DESIGN CONSIDERATIONS OF SUBPARINE POIJER LIFIKS 
t i 



R A C T  

The high ins ta l la t ion  and repair costs incurred in the t ransfer  of 

e lec t r ica l  power across an expanse of water suggest careful consideration 

should be g 

The methods 

iven t a  the choice of the route fol lo~led by z submarine cable. 

of determining the best route,  suggested by t h i s  d isser ta t ion ,  

do not consider unpredictable changes in submarine conditions. The 

dangers to  a  submarine cable can never be eliminated,but by correct  

chnice of route these dangers nay be minimised. This disser tat ion i s  

intended to suggest a  design pi-ocedure for  choosing the best c f  several e 

possible routes svggested by i n i t i a l  consultation of hydrographic charts.  
\ 

Z 

The best route a t  the design stage may be modified s l igh t ly  a f t e r  a f u l l  

investigation of the route i s  made on s i t e .  

The Uestern Is les  of Scotland a r e  considered in th i s  d isser ta t ion .  
C 

Varied bottom conditions and currents present a h i g h  degree o f  
I 

f l e x i b i l i t y  i n  the choice of routes. 

This disser tat ion attempts to  r e l a t e  the required and perii~issible 

current flow t a  the submarine environment. The tendency o f  the cable to  

sink i r retr ievably into sediment i s  analysed. The hydrodynamic forces 

on the cab le  are  related to  the cable dimensions and seabed conditions. 

The te~dency of t h e  cable to  move under the action of these forces i s  f 
i 

a lso  analysed. I t  has been established that  the sections o i c r o s s i n g s  , 

which require protection are  the shore ends. Larger cables may be used S- 

a t  the shore ends i n  order to  increase the safety of the l ink.  
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L I S T  O F  S Y M B O L S  

SYMBOL UNIT 

P - conductor power l o s s  W/m 
2 2 1 I - s e r i e s  current  . (Irea1 i- Ireactive A 

R DC - ohmic resistance/m of one phase of cable n 

1 i ne voltage' 

e l e c t r i c a l  r e s i s t i v i t y  

c .S .a. of copper conductor 

mains rota t ional  f r eq .x  100.rr 

no. of cond'uctors/cable 

axia l  d is tance of e'ach conductor from cen t re  of 
cab1 e 

e l e c t r i c a l  conductance 

shunt capacitance 

phase v01 tage 

d i e l e c t r i c  l o s s  angle 

conductor temperature 

thermal r e s i s t i v i t y  

diameter 

G - 
Cap. - 

rad 

d - diameter of conductor 

C - thermal conductivity 

L - l a i d  depth of cable 

h - convection constant  

S 
- temperature di f ference 

P - in te rna l  f l u i d  pressure 

Vol. - volume of in te rna l  f l u i d  

P g 
- density of in te rna l  f l u i d  

D 
- veloci ty  of water a t  depth D 

V .  - coe f f i c i en t  of s l i d ing  f r i c t i o n  

- densi ty  of seawater P W kglrn3 



viii 

SYMBOL 

"S 
- velocity of water on surface 

C~ 
- drag coeff ic ient  of cable on flowing water 

F - hydrodynamic force 

R - normal reaction 

S - d ie l ec t r i c  loss  angle 

UNIT 

m/ S 

N 

N 

rad 



C H A P T E R  1 

1, INTRODUCTION 

Histor ical ly ,  the transmission of information proceeded tha t  of 

energy. Two dates are  especially important in the early history of 

sumbarine cable laying. In 1858 the f i r s t  Atlantic telegraph cable was 

% l a i d ,  which unfortunately fa i led  a f t e r  twenty days use. In 1866, the 

f i r s t  successful t ransa t lan t ic  cable was commissioned. The t ransfer  

of energy by submarine cable was not effected unt i l  the beginning of 

the 20th century since,  pr ior  t o  tha t  time, cable making and cable 

laying technology l imited the practtcal i t y  of energy transmission. A t  

tha t  time rotating machines were available t o  generate e l ec t r i ca l  

energy from mechanical energy. In s p i t e  of the d i f f i c u l t i e s  a r i s i ~ g  in 

arranging e f f i c i en t  comutation these f i r s t  machines were used to  

produce d i r ec t  current.  Direct current was d i f f i c u l t  to  d i s t r ibu te  

economically; a constant current dis t r ibut ion required overinsulation 

of the receiving equipment, whereas a constant v01 tage d is t r ibut ion  

entailed oversize conductors. For a given power, there existed an 

optimum economical relationship between voltage and current.  This 

relationship made i t  necessary t o  reduce the voltage as the load was 

divided among smaller and sriialler groups of consumers. The introduction 

of the transformer by Gaulard and Gibbs and the advent of a .c .  generation 

allowed economical d is t r ibut ion  of energy. 

The development of e l e c t r i c i t y  supplies in the North o f  Scotland 

followed t h i s  pattern (1 ) .  In 1890 a twin wire d.c. dis t r ibut ion 

systen was established a t  Fort Auyustus. Transntission was 'at 130 vol ts .  

From 1890 u n t i l  1903 a l l  the local generation and supply was d i r ec t  

current. In 1903 a three phase a.c. system was commissioned a t  



Strathpeffer ,  w i t h  d i s t r i bu t i on  a t  415 vo l t s .  U n t i l  1922 i so la ted  

development of suppl i e s  had taken place 'a1 l over Scotland. . I t  was then 

rea l i sed  t h a t  an increase i n  r e l i a b i l i t y  could be obtained by l inking 

the  systems together t o  form small g r i d  systems. Local generation spread 

throughout Scotland f a s t e r  than t he  g r id s  could be extended. T h i s  

meant t h a t  only i n  more recent  years has t he  g r id  system, i n  i t s  

present form, been extended t o  t he  more remote pa r t s  of the  mainland of 

' Scotland. 

Many of the is lands  o f f  t he  Sco t t i sh  mainland a r e  s t i l l  not 

connected t o  the  g r id  system. These is lands  have local  generating 

s t a t i ons ,  mostly based on d iese l  generation. W i t h  increasing o i l  pr ices  

this form of supply may prove t o  be uneconomical. Each community being 

i so la ted  e l e c t r i c a l l y  from the  national  g r id  system has a decreased 

r e l i a b i l i t y  of supply. I t  is  obvious t h a t  these communities should be 

t i e d  i n to  t he  g r id  system wherever possible.  This interconnection of 

i s l ands  t o  t he  gr id  i s  rea l i sed  using submarine power cables.  

The unit- length cos t  of i n s t a l l i n g  submarine power l i nks  is  very 

high, f o r  a shor t  33 kV cable  t he  i n s t a l l ed  cos t  is  f32/metre. The 

, c o s t  of a r epa i r  on a fau l ted  cable cos t s  on average, 25% of t he  

i n s t a l l a t i o n  cost ,  thus f o r  an 8 km l i nk ,  the  r epa i r  cos t s  might be 

164,000. The capi ta l  co s t  of such a l i nk  would be f256,OOO. The 

necessi ty f o r  optimal design and routing becomes obvious. A 1% saving 

i n  cap i ta l  cos t s ,  by be t t e r  design o r  be t te r  choice of route ,  would save 

12,560. A more ca re fu l ly  chosen route might lessen the  chances of cable 

f a i l u r e  and might save f64,OOO. 

This d i s s e r t a t i on  i s  a study of the  procedures involved i n  
! 

optimising the  route along which such a submarine power cable might be 

l a id  i n  order t o  extend the  g r id  system t o  an i so la ted  community, o r  

t o  re inforce  an ex i s t ing  supply. 



1,l A , C 8  AND D 8 C 8  SUBMARINE POWER LINKS 

The type of supply to  an island i s  a choice now open to the designer. 
I 

W i t h  the development of a .c .  t o  d.c. converters i t  i s  possible to  supply 

energy with e i the r  a l ternat ing or d i r ec t  current.  The gr id system can 

remain al ternat ing,  b u t  d i r ec t  current submarine transmission of power 

can take place. Each type of transmission has i t s  own advantages and 

disadvantages, some of which a r e  now mentioned. 

1 
In an a.c.  submarine cable the shunt capacitance has to  be charged 1 

and discharged every cycle. The reactive current can be a large proportion 1 
of the current carrying capacity of the cable, par t icular ly i n  long 

cables supplying small loads. The heating losses due to  current flow in I 

t he  ser ies  resistance of the cable may cause excessive local heating o f  

the cable where the thermal conductivity of the surroundings f a l l s ,  such 

as  a t  shore ends. A.C.  cables also tend to  be l e s s  robust because of 

t h e i r  three phase construction, as shown in f igure 2 on page 7 , than 

d.c. cables. This means tha t  laying and positioning must be much more 

carefully carried out with a .c .  cgbles. One advantage of a.c.  transmission 

i s  t ha t  c i r c t ~ i t  isolat ion can be arranged more easi ly  than with d.c. 

transzission since in a .c .  transmission the current passes through a 
1 
I zero every sec. Fault conditions a re  therefore l ike ly  to  be 

interrupted more quickly and eas i ly .  

In a d.c. submarine cable (17) the shunt capacitance i s  charged 1 
. 1  

in the turn-on t ransient  and remains so until  isolat ion or  reversal of 

power flow takes place. The losses in the cable a re  dependent on i t s  

ser ies  resistance and a re  very much smaller than those in an a .c .  cable, 

of sirililar letigth and f o r  equivalent power flow. The limitation on 

distance, using d . c .  cables i s  therefore much l e s s  severe. Where system 

reinforcement i s  taking place, e i ther  internat ional ly,  or local ly  the  

power transmitted by the d.c. l ink i s  independent of the phase, frequency, 



and voltage level of the two a.c. systems. Variations in the terminal 

voltages of the grids do not a f f ec t  the power t ransfer .  The current 

i n  the d.c. l ink i s  controlled by the converter s ta t ions ,  so grid f a u l t s  

on the a.c. s ides  do notdresult  i n  additional current flow in the l i n k .  

One of the main savings w i t h  d.c. submarine l inks i s  the f a c t  t ha t  only 

two single  core cables a re  necessary. Normally a double c i r c u i t  

arrangement i s  usedwithtwo conductors each using the sea as  a return 

path. If  the two conductors a re  of opposite polar i ty ,  under balanced 

conditions no return current flows through the sea. If  one cable should 

f a u l t  the other can continue transmitting power, using the sea as  a 

return path. W i t h  t h i s  system there i s  a considerable saving compared 

with an equivalent a.c. double c i r c u i t  l ink,  where s i x  conductors a re  

required. Further saving ex i s t s  w i t h  d.c. transmission. For a given 

t ransfer  of power, the a.c. cable has to  be designed to withstand the 

peak voltage whereas the d.c. cable can t ransfer  the same power a t  
1 times the a.c. peak voltage. The main disadvantage with d.c. 

transmission t o  small isolated communities is  the high capital  cost  of 

terminal equipment. Additional disadvantages include the necessity of 

reactive power generation a t  the end of the l ink,  since no react ive 

power flows in the l ink.  

I t  thus becomes obvious tha t  the type of transmission which i s  t o  

be instal led presents a d i f f i c u l t  choice. The general trends i n  practice 

appear to  be tha t  supplying small island communities close to  the source 

of supply a .c. i s  a be t te r  means of transmission. Where larger ,  more 

remote islands a r e t o b e  linked into a grid t o  provide reinforcement of 

t h e i r  local generation, d.c. i s  a be t te r  means of supply. Aside from 

the technical considerations a1 ready mentioned, the high capi tal  cost 

of supplying a small cornunity by a d.c. l ink cannot be economically 

jus t i f ied .  In the case of the Western Is les  i n  Scotland, the cost  of 

a .c .  ins ta l la t ions  has to  be recovered by increased t a r i f f s  on the mainland. 



For the purposes of optimisation of economy another technical/ 

economic fac tor  may be considered. As the community becomes more remote 

from the mainland and the proposed .link becomes longer, the in s t a l l a t ion  

costs will increase. The probability of cabies f a i l i n g  increases with 

submerged length, therefore the maintenance and r epa i r cos t s  might be 

expected to increase with the length of l ink. A breakpoint must ex i s t  

when i t  becomes less  economical to  in s t a l l  a l ink than to  in s t a l l  o r  

re i  nforce l  ocal generation . 

In th i s  investigation i t  i s  assumed tha t  a subma'rine l ink i s  the 

preferable means of supply. Local generation will only be indicated as 

a f ina l  a1 ternative in some' case studies.  

There a re  several types of cab1 es manufactured, each part icular ly 

suited to one type of transmission (14).  

( a )  Sol id Cable 

Solid cables a re  la id  up as  shown in Figure 1 on page 7 .  Cables 

such as  these are  used to  transmit a t  voltages of 250 kV.  This type of 

cable can be made in long lengths, fo r  instance one cable factory in 

France i s  capable of producing 40 km lengths of cable. The simplicity 

of t h i s  cable also f a c i l i t a t e s  jointing and repair  work a t  sea. These 

cables are primarily produced fo r  transmitting d i r ec t  current, b u t  three 

such cables can be used t o  transmit three-phase al ternat ing current.  

Where deeper water may be encountered, solid type cable i s  given an oval 

shape. The lesd sheath muct be reinforced e l a s t i c a l l y  so tha t  i t  can be 



deformed under the internal pressure bu i l t  up by the heating cycle, and 

restored t o  i t s  original dimensions by the external water pressure. The 

formation of voids i n  the insulating material around the cable i s  

limited with t h i s  design. 

(b) Oil-Filled Cable 

An example of an o i l - f i l l e d  cable shown in Figure 2 on page 7 . A 

2 typical o i l  pressure w i t h i n  the o i l  duct might be 1500 kN/m (220 p.s.i .). 

The o i l  pressure must be such tha t  a posit ive pressure d i f fe rent ia l  ex is t s  

between the o i l  duct and the surrounding water, a t  a l l  points along the 

submerged cable. The advantage i n  t h i s  system i s  t h a t  posit ive pressure 

prevents ingress of water i n  the event of minor sheath f a i lu re .  The 

o i l  used must be suf f ic ien t ly  viscous t o  prevent migration a t  the 

highest temperatures encountered under load or  f a u l t  conditions, ye t  

s t i l l  remain f lex ib le  a t  the lowest winter temperature encountered. Cable 

o f  the type shown i n  reference 18 

Interconnection and operated a t  

i up two three phase c i r c u i t s  w i t h  one 

this type of o i l - f i l l e d  cable i s  the 

points along the cable to  compensate 

was used i n  the Long Island sound 

138 kV, 300 MVA. Seven cables made 

spare. The main disadvantage of 

necessity to  feed o i l  a t  d i f fe rent  

f o r  pressure drop. One solution to  

t h i s  problem i s  tha t  used i n  the Konti-Skan d.c. project in Scandinavia (19).  

Self-compensati ng Mol lerhoj  cab1 e was used, where no longitudinal motion 

of o i l  or pressure variation takes place. These cables a re  bipolar as  

shown in Figure 4 on page 8 . Expansion of the o i l  on heating r e su l t s  in 

the f l a t  s ides  being e l a s t i c a l l y  deformed l i k e  uniformly loaded beams. On 

cooling the e l a s t i c  forces restore  the shape of the cable and prevent 

void formation. These cables a re  obviously heavier and more d i f f i c u l t  t o  

lay than s ingle  core cables. The Konti-Skan scheme operates a t  250 kV,  

1050 A d.c. 



FICURE ? - 2 5 0  k V ,  6 2 5 r n m L ,  SOLID CABLE 

TAPE REiNFORCEMENT 

2 JBBER BITUMEN 
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F IGURE 2 - 66  k V  , 3 C O R E  , OIL- FILLED CABLE 

SIRANDED T I ~ N E D  
COPPER CONCXJCTOR 

IMPREGhATED PAPER -- 
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- -- - 



250 kV GAS- FILLED CABLE  

F l G U R E  4 M O L L E F i H C J  CABLE 



(c)  Gas-Fi l led Cable 

Gas-f i l1 ed cables a re  maintained a t  a posit ive pressure d i f fe rent ia l  

everywhere along the submerged length of the cable. Voids are  prevented 

since the insulation i s  under internal pressure. Ingress of water i s  

prevented under rupture of the insulation, by the posit ive pressure 

d i f f e ren t i a l .  The only trouble encountered w i t h  t h i s  type of cable i s  

gas ducts becoming clogged with loosened insulating compound. The 

resulting pressure drop allows insulation deformation and a corresponding 

drop in the withstand level of the cable. The withstand level of the , 

cable i s  t ha t  conductor-sheath voltage which i n i t i a t e s  insulation f a i lu re  

by ionisation o f  the insulating material. Gas-filled d.c. cables were 

used in the Cook S t r a i t  Project (20), linking the North and South Islands 

of New Zealand. These cables, as shown in Figure 3 on page 8 , operate 

a t  +250  kV 600 A d.c. and span a distance of 17 nautical miles. 

(d) Extruded Polythene Cables 

Considerable work has been carried out on the s u i t a b i l i t y  of 

extruded polythene cables fo r  high voltage d.c. transmission. The L 

l ightness and resistance t o  abrasion of the polythene suggests tha t  such 

cables would be ideal in submarine applications.  Experience has shown, 

however, t ha t  unavoidable voids and i r r egu la r i t i e s  in the polythene can 

lead to  ear ly f a i lu re  of the cable. 

One type o f  cableship used a t  present i s  shown in the photograph i n  

Figure 5 on page1 0 . Cableships such as  the M . V .  Insistence, shown are 

usually converted bulk ca r r i e r s  so chosen because of the i r  large,  

unobstructed holds. In order to  minimise the number of 

undersea jo in ts  the practice i s  to manufacture cables i n  as long lengths 

as possible. In the Cook S t r a i t  Project the cables were each 40 km long;. 
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In order t o  s t o r e  40 km of cable coiled down in to  16 m c o i l s ,  l a rge  

holds a r e  necessary. The cables a r e  pulled from the  holds by winches, 

and fed i n t o  brakes. From the  brakes the  cable i s  passed I& over a spec ia l ly  

constructed s t e rn  apron and lowered i n to  the  sea.  The brakes a r e  used 

t o  regulate  the tension i n  the  cable a s  i t  i s  being l a i d  and thus prevent 

kinking o r  s t re tching of the  armouring. Fore and a f t  anchors on both the  

por t  and starboard s ides  a r e  usual equipment, f o r  occasions when the  ship  

has t o  be moved d i r ec t l y  por t  o r  starboard.  Joint ing equipment must be 

provided on board, where a cable has t o  be i n s t a l l ed  in more than one 

length.  The extra navigational equipment necessary includes echo 

sounding equipment t o  continuously monitor the  laying depth and bottom 

condit ions,  and radio posit ion equipment t o  continuously monitor the  

veloci ty  and posit ion of the  ship.  Up-to-date accurate char t s  o f  the  

submarine t e r r a i n  a r e  required before use i s  made of the  e lec t ron ic  a ids .  

The cableship may be a s s i s t ed  by smaller tugs and support vessels a t  

some points i n  a  laying operation.  A f l oa t i ng  head device may a l s o  be 

used t o  land the f in i sh ing  ends of t he  cable, a s  shown in  Figure 6 on 

page 10 . 



C H A P T E R  

2, CURRENT PRACTICE 

2.1 I N I T I A L  FACTORS INFLU E N C I N G  THE CHOICE OF ROUTE 

When the two extremities of the existing e lec t r ica l  systems have 

been ident i f ied,  or  the extremity of an existing gr id  and the load 

centre of the isolated community have been located,usually an overland 

section of cable or spur l i ne  will  have to  be ins ta l led .  This introduces 

some f l e x i b i l i t y  into the choice of landing points f o r  the cable. The 

optimal submarine route may terminate remotely from the ends of the 

shortest ,  s t r a igh t  l ine ,  l ink.  The landing points a re  therefore chosen 

on the i r  s u i t a b i l i t y  to  cable landing, ra ther  than geographical nearness. 

Generally a f l a t ,  sandy beach sheltered from h i g h  seas and strong 

currents is  desirable. The landing points a r e  preferably secluded, and 

o f f  regular shipping lanes and trawl ing grounds, t o  prevent man-made 

damage to  the cables. 
4 

Having established several landing points, the submarine routes 

between s e t s  of two points must be optimised. Again, the most d i r ec t  

route i s  not necessarily optimal. Deviation from the d i r ec t  route must 

be considered, to avoid sea bed conditions which may lead to  cable 

f a i lu re .  Topographic studies (16) form the basis f o r  i n i t i a l  route 

selection. A ser ies  of depth profi les  and bottom charac ter i s t ics  a re  

used $0 determine the best cable route. 

A route i s  chosen on the following basis: 

(a) RELIEF. High sea bed gradients a re  avoided, since both laying 

and recovery a re  made more d i f f i c u l t .  Submarine canyons and r i s e s  are  

avoided i n  order tha t  the cables a r e  not subjected to  excess bending. 



(b) BOTTOM CONDITIONS. Jagged and rough bottoms a r e  avoided, since 

any motion of the cable on such a bottom would r e su l t  in abrasion and 

eventual s t ructural  f a i lu re .  Highly sedimented and undulating bottoms 

a re  also avoided since a submarine slump or  avalanche may occur and 

the cable may be damaged or  broken by the force of the sediment i n  

motion. 

A f l a t ,  s l i gh t ly  sedimented bottom i s  often desirable since the 

cable may be l ightly covered by sediment and anchored against movement 

by sea bottom currents. 

(c) CURRENTS. I t  i s  usually assumed i n  the in t i a l  investigations that  

the currents on the sea bed can be taken as small number f rac t ions  of 

the surface currents.  In depths of greater  than 20 m the bottom current 
1 i s  taken as / 3  of the surface current.  In depths of 20 m and l e s s  the 

bottom current i s  taken as  3 the surface current. 

There i s  some doubt as to whether these assumptions a re  valid in  

every case. Chapter 6 of th i s  disser tat ion analyses the types and 

respective magnitudes of the currents relevant in the i n i t i a l  choice of 

route. 

The estimation of currents i s  only a design consideration, since 

before a route i s  adopted the currents are  careful ly  measured a t  a l l  

points along that  route. Routes entai l ing high transverse currents 

should be avoided since the current may be suf f ic ien t ly  strong to  move 

the cable on the seabed. Scourtng and abrasion of the armour and 

protective covering are  a l ike ly  r e su l t  of such motion. A relationship 

ex is t s  between the weight/unit length and d5axeter of a cable and the 

magnitude of current which wS1  l  j u s t  move i t  for  given seabed conditions. 

Standard practice assumes a coeff ic ient  of f r i c t ion  on the seabed of 0.5 



This  va lue o f  c o e f f i c i e n t  o f  f r i c i t i o n  may be too  h igh .  Sec t ion  

5.3 o f  t h i s  d i s s e r t a t i o n  analyses the  seabed cond i t i ons  and t h e  v a l i d i t y  

o f  t h i s  c o e f f i c i e n t  o f  f r i c t i o n .  Th is  again i s  o n l y  a design cons ide ra t i on  

because i n  p r a c t i c e  i f  a cab le  i s  suspected o f  moving i t  i s  anchored 

p e r i o d i c a l l y  w i t h  cement f i l l e d  bags,placed i n  p o s i t i o n  by d i ve rs .  

(d) TEMPERATURE AND PRESSURE. Seabed temperatures must a l s o  be noted 

f rom char t s  o f  t h e  annual temperature v a r i a t i o n s  and d r i f t s .  T h i s  i s  

necessary t o  ensure t h a t  i n  opera t ion  no l o c a l i s e d  overheat ing o f  t he  

cab le  r e s u l t s  i n  i n s u l a t i o n  f a i l u r e .  The f l o w  of generated heat  f rom t h e  

cable t o  t h e  surroundings can be r e l a t e d  t o  the  temperature d i f f e r e n c e  

'between t h e  cab le  and the surroundings by the  thermal c o n d u c t i v i t i e s  

o f  t h e  i n t e r v e n i n g  mate r ia l s .  I f  t h e  temperature o f  t he  surroundings 

i s  lowered, o r  the  thermal c o n d u c t i v i t y  increases, t h e  cab le  temperature 

w i l l  f a l l  f o r  a g iven power d i s s i p a t i o n  i n  the  cable.  Th is  has profound 

i m p l i c a t i o n s  on t h e  design o f  t he  cab le  rou te .  Immersion i n  sea water 

a l l ows  t h e  cab le  t o  d i s s i p a t e  more heat  and consequently operate a t  : 

lower temperatures, f o r  a g iven t rans fe r  o f  energy. A1 t e r n a t i v e l y ,  f o r  

t h e  same i n t e r n a l  temperatures as es tab l i shed  on d r y  land, g r e a t e r  amounts 

o f  power can be d i s s i p a t e d  and the  submarine sec t i on  can be overrated.  

The exact  amount by which t h e  cab le  can be ove r ra ted  i s  the  sub jec t  

o f  some cont roversy  w i t h i n  the  supply a u t h o r i t i e s .  Chapter 3 o f  t h i s  

d i s s e r t a t i o n  analyses t h e  steady s t a t e  power losses i n  d i f f e r i n g  

surroundings and t h e  amounts by which t h e  cab le  can be overrated.  

Cur rent  p r a c t i c e  i s  t o  use l a r g e r  diameter cab le  a t  t he  shore ends, where 

the  cab le  i s  n o t  a b l e  t o  d i s s i p a t e  generated heat  e a s i l y .  

Bottom pressures must a l s o  be c a l c u l a t e d  from t h e  depth p r o f i l e  o f  

a proposed route .  The r o u t e  must be chosen such t h a t  the  maximum 

pressure a t  any p o i n t  a long t h e i n s t a l l e d  cable i s  minimised. Th is  i s  



necessary t o  prevent ingress of sea water in to  the insulation of the 
. . 
cable. The maximum bottom pressure may also indicate the type of 

transmission (a.c. /d .c . )  mo2t sui table ,  according t o  the type of cable 

best instal led.  

Chapter 4 of t h i s  disser tat ion examines the way in which pressure 

varies and the influence of t h i s  pressure variation on the choice of 

route and supply. 

(e)  SEISMIC ACTION, MAGNETIC EFFECTS and BIOLOGICAL SAFETY. 

Geophysical maps mustbe inspected to check the s t a b i l i t y  of a proposed 

seabed. Seismic action may dislodge accumulations of; sediment or 

outcrops of rock which may damage or  break a cable . Seismic f a u l t s  may 

occur under the cable and create precipices over which the cable can 

become abraded and f a i l  as  a resu l t .  

In the case of d.c. cables shipping lanes must be avoided due to  

the influence of the generated magnetic f i e l d s  on ships '  magnetic 

compasses. Where possible,an.East-West route should be chosen, in which 

case the e a r t h ' s  magnetic f i e l d  and the magnetic f i e l d  created by the 

presence of the cables will  not i p t e rac t  in such a way as m i g h t  a f f ec t  

the ships compasses. 

Marine l i f e  records must be examined to determine i f  cer tain types 

of boring organism, such as the Teredo, are present i n  the waters into 

which the cable i s  going to  be la id .  Marine boring organisms can 

puncture the water insulation and r e su l t  in the ingress of sea water with 

the insulation f a i lu re  inevitably following. 

( f )  WEATHER. Meterological records must show tha t  i t  might be 

reasonable to  expect frequent periods o f  suf f ic ien t ly  calm weather long 

enough to lay or repair a cable in the s i t e  chosen. 



When the  cons idera t ions  ( a ) - ( f )  have been examined and i t  s t i l l  

seems f e a s i b l e  t o  i n s t a l l  submarine cables along an opt imised route,  

t h e  r o u t e  i s  c a r e f u l l y  marked onto  a  nav iga t ion  c h a r t  o f  t h e  area and 

f u r t h e r  i n v e s t i g a t i o n s  take place. 

Once t h e  cab lesh ip  has a r r i v e d  a t  t h e  proposed l o c a t i o n  o f  t h e  l i n k  

i t  w i l l  s a i l  a long the  proposed routes .  The r o u t e  a long t h e  seabed w i l l  

be cont inuous ly  monitored. An echo sounder w i l l  check the  depth and 

bottom dens i t y .  (The ampl i tude o f  an osc i l l oscope  t r a c e  i n d i c a t i n g  the  

depth,and the  d i spe rs ion  o f  t h e  t race,  t h e  bottom type).  The cu r ren ts  

a long the  proposed r o u t e  a re  measured and t h e  seabed temperatures noted. 

I f  an abnormal i ty  o r  unexpected f e a t u r e  a r i s e s  d u r i n g  t h i s  f i n a l  check, 

a d i v e r  and camera may be sent  down t o  examine the  proposed route .  The 

cab lesh ip  a l s o  checks i t ' s  c l o s e s t  sa fe  approach t o  the  l a n d  ends o f  t he  

r o u t e  i n  o rde r  t o  determine t h e  procedure f o r  l and ing  t h e  cable. 

When t h e  r o u t e  i s  f i n a l l y  adopted the  l a y i n g  opera t i on  may begin (3).  

The cab lesh ip  comes as f a r  inshore  as i s  sa fe  and s t a r t s  paying o u t  

cable over  the  s t e r n  as shown i n  F igu re  7 on page1 7 . The s h i p  i s  

anchored by p o r t  and s tarboard  bow and s t e r n  anchors and t h e  cab le  i s  

e i t h e r  f l o a t e d  o r  winched ashore t o  t h e  f i r s t  l and  end. The cab lesh ip  

then steams across the  proposed r o u t e  a t  a  r a t e  determined by t h e  l a y i n g  

cond i t ions ,  as shown i n  F i g u r e  8 on page17.  As t h e  cab lesh ip  moves 

away from t h e  secured end o f  t h e  cable the  cable i s  p a i d  o u t  through a  

bel lmouth and through the  brakes t o  t h e  s t e r n  apron. From t h e  s t e r n  apron 

t h e  cab le  i s  p a i d  i n t o  t h e  sea. Depending on the  contour  o f  t h e  seabed 

t h e  r a t e  o f  paying o u t  cab le  i s  ad jus ted correspdnding t o  the  l a n d  speed 

o f  t h e  ship.  The reason f o r  t h i s  i s  t o  ma in ta in  a  p o s i t i v e  tens ion  i n  



FIGURE 7 CABLE BEING W I N C H E D  ASHORE, 

FIGURE 8 LAYING IN PFiOGRESS 

FIGURE 9 LANDING 
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the cable under a l l  conditions unt i l  i t  reaches the seabed where the 

internal tension should f a l l  t o  zero. Excess tension during laying 

causes deformation of armouring and insulation f a i lu re .  Insuff ic ient  

tension causes kinking of the cable and insulation f a i l u r e  

The cableship thus arr ives  a t  the other end of the route bow f i r s t  

w i t h  the cable ready f o r  paying out t o  the shore. This i s  accomplished . . 

by paying out a loop which i s  e i ther  f loated,  or winched s t r a igh t  and , 

hence reaches the shore, as  shown in Figure 9 on page 17 . The two ends 

of the cable are  now secure a t  e i the r  end of the route and the cableship 

is  disengaged. 

Only a f t e r  e lec t r ica l  and mechanical tes t ing of the cables, and 

shore end terminal s ta t ions ,  can the l i n k  be comissioned. 

In the previous few pages several problems i n  the design of cable 

routes have become apparent. Whilst the writer of t h i s  d isser ta t ion  

appreciates tha t  the f ina l  inspection of a route and the laying of a 

cable a re  very much on s i t e  problems, there are  several considerations 

which may be investigated prior t o  sending a cableship to  the actual 

location. Provided up  t o  date hydrographic, topographic, and geophysical 

information i s  available feas ib le  routes between two specified land points 

separated by sea and land can be determined. The advantages of these 

types of paper studies a r e  ( i )  minimal costs a re  incurred i n  the process 

of obtaining an appreciation of the f e a s i b i l i t y  of ins ta l l ing  a l ink ,  

( i  i ) '  several a1 ternat ive routes become apparent during the determination 

of the possible routes t o  be used. If  an unexpeited problem occurs on 

s i t e  and the f i r s t  route has to  be abandoned, several others a re  readily 



a t  hand and can be quickly investigated by the cableship. 

The remainder of t h i s  d isser ta t ion  i s  devoted t o  the analysis of 

the problems which af fec t  the f e a s i b i l i t y  of ins ta l l ing  submarine power 

l inks.  A design procedure i s  evolved i n  the l a t t e r  part  of t h i s  

disser tat ion which can be applied to  any proposed e l ec t r i f i ca t ion  or 

reinforcement o f  supply on an island. The problems analysed are:  

Chapter 3 .  Temperature Variation and Cable Rating. 

Chapter 4. Pressure Variation a1 ong Routes. 

Chapter 5. Bottom Conditions. 

Chapter 6. Subsurface Currents and Force on Cable on Seabed. 

The design procedure i s  tested on several already ins ta l led  l inks ,  and 

used to  determine the f e a s i b i l i t y  of o-ther l inks in section 7.6 on page 71 . 
1 



C H A P T E R  3 

3, HEAT FLON FROM PO!/ER CABLES 011 THE SEA BED AND 

CURRENT CARRY I NG CAPACITY 

In section 2.1 (d) on page 14 some mention was made of the e f f ec t  

of immersing power cables i n  cold'media such as the sea. Due t o  the 

increased thermal conductance and lower surrounding temperature the 

heat flow from the cable increases. For a constant ra te  of generation 

of heat the conductor temperatures f a l l .  For specified maximum 

conductor temperatures the generation of heat within the cable can be 

increased. Cables can thus be up-rated safely in submarine environments. 

Submarine power cables a r e  always connected to  the dry land s ta t ion  

equipment by lengths of cable not always submerged, known as  shore ends. 

The external shore end thermal properties a re  better'  t o  be t reated as 

dry land properties. Since the power flows through both the shore ends 

and through the submarine cable, the l imiting conditions on power 

t ransfer  a r e  dictated by theshore ends. The submarine cable can, 

however, be ins ta l led  of a lower current rating. 

T h i s  chapter examines the mechanism of heat t ransfer  in both the 

submarine and dry land environments and re la tes  the two t o  the current 

rat ings of cables required t o  transmit power t o  an isolated load securely. 

The r a t e  of generation of heat in a given cable i s  the product of 

the number of conductors and the ohmic loss  in each. Ohmic losses due 

t o  induced currents in the sheathing a lso  occur. 



Conductor losses a re  given by 

Where I i s  the current flowing in  each conductor and R i s  a combined 

resistance term, summing the following resistances and equivalent 

resistances.  

1 

RAC/RDC = a1 ternating/direct current resistances l 

Al R~~ 
= increased resistance due to  skin e f fec t  producing a non 

uniform current dis t r ibut ion 

A 2 R ~ ~  
= increased resistance due t o  proximity of other conductors 

The d.c. resistance of the conductor can be calculated from the 
L 

expression 

R~~ can be taken from records on the cables concerned. The skin e f fec t  

factor  Al can be calculated a t  mains frequency from the formula , 

A, = F(x )  where X = 4w R 

RxlO/ If /m i s  known 

- - 4wA If geometry of cable 3 i s  known 

Here U = 2~r.50 = 314 

The function F ( x )  i s  plotted against X in Figure 10 on page 2'2 . 
From t h i s  graph Al  can be read once X i s  known. 

I 

The proximity fac tor  A2 t o  account f o r  the e f f ec t  of the other 

conductors w j t h i n a  cable i s  largely dependent on the conductor diameter/ 



FIGURE 10 VARIATLON OF SKIN , EFFECT RESISTANCE AND 
D.C. RESISTANCE 



spacing r a t i o .  

2 r 2 
Ap = Al f o r  ngle phase 

2 r  c 
= 1.5 (?) AI f o r  th ree  phase cables .I. . 

Thus the  t o t a l  conductor losses  can be expressed a s  

2 P1 = n1 RRc f o r  D.C. cable 

(3 . l f )  
2 P1 = n1 RDc ( l  + Al + A2) f o r  A.C. cables 

N.B. (Al + A*) RDC E A.C. r e s i s tance  

I t  i s  usual t o  express the  l csses  i n  the sheath a s  a f r ac t i on  A 

of the  conductor losses.  In 3 core cables 

C = ax ia l  d is tance of each conductor from cen t re  of cable 

I O - ~  1 m = %HEATH. ( G ~ ~ ~ ~ ~ ~  i n  id 

rL = radius of sheath 

3 , 1 , 3  ARMOUR LOSS 

The armour l o s s  i s  assumed t o  be 0.08 of the conductor l o s s  



The d ie l ec t r i c  loss  i n  a three phase cable i s  given by '  

where 

V = phase voltage (v01 ts)  

C = capacitance t o  neutral (pF/m) 

6 = d ie lec t r i c  loss angle a t  operating temperatures 

The to ta l  r a t e  of heat generation in the cable can be expressed as 

the sum of the four ra tes  of heat generation in sections 3.1.1 - 3.1.4. 

Conductor + Sheath + 

P = Loss Loss 

conductor P = (1.08 + 1) Loss 

Thus  r a t e  of 

o f  the cable 

section 3.3. 

Armour + Dielectric 
Loss Loss 

+ Dielectric 
Loss 

generation of heat can be related t o  the thermal conductance 

- surroundings and the temperature difference, as shown in 

on page 2 8 by the equation 

C~~~~~ i s  the to ta l  thermal conductance o f  the thermal c i r c u i t  between 

the source of heat and the in f in i t e  s i n k  a t  O'C. The thermal conductances 

i n  t h i s  c i r c u i t  include the thermal conductance of the ground/sea and 

must therefore be included. 



The heat  pa th  between the  conductors and t h e  

f o l l o w i n g  conductances i n  t u r n  

i n s u l a t i o n  -+ m e t a l l i c  sheath -+ bedding -+ armour 

The thermal conductances o f  the m e t a l l i c  p a r t s  o f  

s i n k  i nc ludes  t h e  

sea 
se rv ing  

' a i r  

t h i s  c i r c u i t  a r e  so 

h i g h  t h a t  they  may be neglected. The conductances o f  importance now 

become 

. sea 
bedding 1 i n s u l a t i o n  -+ (& serving ) t ground 

- 
a i r  

* 

The s imp les t  

assume the  s i n g l e  

non geometr ic approximat ion f o r  a 3 phase cab le  i s  t o  

phase conductance. 

Ocm K = thermal r e s i s t i v i t y  o f  i n s u l a t i o n  -A 

Di = d ia .  o f  i n s u l a t i o n  
P- 

d = d ia.  o f  conductor 

0 
Cm For  s o l i d  cab le  K = 5.5 

Impregnated Pressure 
Cable 

0 
Cm For o i l  f i l l e d  cab le  K = 4.5 -R 



The thermal conductance of the cable protection can be taken as 

Dia. of cable + Dia. of amour - 
2 ~ r  c h e s s  o f  armour W 

'2 =K; loge of cable - Dia. of armour + - (3.2b) 
Thickness of armour O c 

3.2.3 THERMAL CONDUCTANCE OF SUBMAR I NE ENV I RONMENT 

The thermal conductance of the seawater surrounding a power cable 

can be taken as  temperature independent a t  

W Thermal conductivity of sea - 
mOc 

depth t o  cable axis (m) 

radius of cab1 e (m) 

W 
'sea can be taken asconstant a t  1.42 /,oC and the thermal conductance 

becomes a function of the depth of water in which the cable i s  la id.  

The thermal conductance of the a i r  surrounding a cable has t o  be 

calculated once the power flow from the cable i s  calculated. 

The to t a l  dissipation from the 1 m of cable i n  a i r  can be approximated 



n D, h eS5/4 ~ a t k  (3.26) 

where 

D, = diameter of cable ( m )  

8, = temperature difference between cable surface and the 

surrounding a i r  ('C) 

h = convection, conduction and radiation constant, 

typical ly  2.8 W f o r  0.1 m cable. 
m .C 

The external thermal conductance i s  now 

The flow of heat i s  known and can be equated f o r  the case of the cable to  a i r  

and within the cable 

therefore 0, can be calculated 

8, can be used t o  calculate  C4 

For a cable in e i the r  seawater or  a i r ,  the thermal conductance can 

be calculated by summing the conductances in the thermal c i r c u i t  

3 - 1 - i l 
In seawater C + C2 + T3 C~~~~~ = 1 

- F i L -  
In a i r  C~~~~~ = Cl  + C2 + C4 

The values calculated f o r  C l ,  C 2 ,  C3 and C4  can be used to calculate  the 

maximum permissible current,  e i ther  related t o  the cable used or  to  the 

submarine conditions. The following section examines these calculations.  



. 
.3,3 THERMAL CONDUCTIVITY AND CURRENT RATING ( 8 )  

Working from the equation 

A 

and neglecting the d i e l e c t r i c  loss  

1 1 1 -8 

Conductor Loss (1.08 + X) = ( + + c3) (T,,, - Tseawater ) 

3,3,2 CABLE I N  AIR 

Following a similar argument 

- 

conductor Loss (1.08 + X) = (C1 + C2 + C4)(T,, - Tair) 

The expressions for  the maximum current in the power cable i n  a i r  and 

seawater can be used t o  r e l a t e  the capacity of cables required for  

submersion to  the submarine conditions. The capa'ci ty of: cables required 
m 

f o r  the shore ends can a lso  be related to  the shore end conditions. 



Final ly ,  the  amount by which the  submarine cable can be up-rated can be 

re la ted  t o  the  submarine condit ions.  The following sect ions  analyse these 

cases f o r  a required cur ren t  flow. These ca lcu la t ions  can be applied 

t o  any proposed interconnection where the required power flow i s  known. 

I f  a s i t ua t i on  e x i s t s  where an i so la ted  load i s  separated by water 

which has a t  l e a s t  approximately known cha rac t e r i s t i c s  and proper t ies ,  the  

following calcula t ion may be applied. Derivation of formulae used can be 

found in previous sect ions .  The cable lying on the  seabed i s  shown i n  

Figure 17 on page 18. 

The data required i s  ( f o r  un i t  length of cable)  Typical Val ue 

Average Temperature of Seawa t e r  ('C) 

Maximum conductor Temperature ('C) 

Diameter of insula t ion ( m )  

Diameter of conductor (m) 
W Thermal Conductivity of Insula t ion (?) 

m . C  
Diameter of Sheath (m) 

Thickness of amour  (m) 

W Thermal Conductivity of Seawater (?) 
m .C 

Depth of Cable ( m )  
2 Conductor c . s . a .  (m ) 

1 Elec t r ica l  Conductivi ty  of conductor (%) 

Frequency of operation ( rad/sec)  

Spacing of Conductors (m) 

No. of Conductors 
- I 

Sheath Conductivity (G) 

Tseawater 

Tmax usual l y  

Di 
d 

K 

S 

t 

'sea 

L 

a 

(copper) 

0 

S 

n 

OS 



Axial Distance of each Conductor 
from centre of cable (m) da 

Conductor separation ( m )  C 
I 

D.C. Conductance (G ) "c 
Diameter of cable (m) 

Rated v01 tage (kV) V 

The thermal conductances can be calculated 

A l  and A2 could have been calculated,but f o r  a typical 33 kV cable. The 
+ H2)  A.C. resistance a t  20 '~  i S quoted as 0.32 / K m  (2 ) .  Thus ( R-n 
UL 

becomes m 0.32 n/m, division by the d.c. resistance/m allows the resistance 

to  be used in the equation, ra ther  than a constant mu1 t ip1 ication fac tor .  



The cable t rea ted  i n  the  previous sect ion will  not be submerged 

. completely a t  the  shore ends. The cable  may be buried,  b u t  f o r  the 

purposes of t h i s  d i s s e r t a t i on  the worst case condition i s  chosen. The 

cable  i s  assumed t o  l i e  on a f l a t  sandy beach i n  s trong sunl ight .  

Additional information required.  

Temperature of Air (Oc) 

4 

Convection Constant W 

mZ0c  

(3.2e) Allows ca lcu la t ion  of C4 by solving f o r  OS 

Sol ving f o r  Tsurface  



J L .  

Irnax/phase = 50 ' A f o r  exposed shore ends. 

If the cables are buried into dry sand to a depth t of 0..8 m; the 

above calcuiation i s  modified. 

In the previous two sections the calculations have shown tha t  fo r  a 

par t icular  33 kV cable the submarine section will be able to  carry 

. so A/phase compared w i t h  5a A/phase a t  the shore ends. In order tha t  

the shore ends be operating safely the maximum continuous current through 

the cable must not exceed r5O  A.  In th i s  case the submarine section 

would be operating a t  68% of i t s  capacity. This f ract ion can be increased 

i n  two ways. The shore ends can be dug into a trench in the beach. 

Based on dry sandy s o i l ,  i f  the cable i s  duq into a 0.8 m deep trench the 

capacity of the shore ends increases to  1 4 5 A .  The submarine cable can 



now operate a t  2 d  of i t s  capacity.  This f r ac t i on  can be increased 
4 

f u r t h e r  by using smaller  conductor a reas  i n  t h e  submarine sect ion,  

ensuring t he  j o i n t s  a r e  below the  low water l eve l .  The var ia t ion  of 
I 

conductor cross  sect ional  areas  i s  p lo t ted  aga ins t  the  f r ac t i on  of cable 

r a t i ng  used i n  the  submarine sect ion,  i n  Figure 11 on page 34 . The 

e f f e c t  of burying t he  shore ends i s  obvious. Burying the  shore ends 

allows the  submarine sect ion t .  transmit  1 . 3  times as  much power. 

In order  t o  maximise the  se rv ice  rating/maximum ra t ing  r a t i o  f o r  

t h e  submarine sect ion the  submarine cable conductor area should be 

0.8 of the  area of the  shore ends. The conductor r ad i i  should thus be 

i n  r a t i o  1.0/0.617 = 1.6.  These f igures  assume t h a t  the  other  dimensions 

of t he  cable  do not d i f f e r  s i gn i f i c an t l y .  

The ca lcu la t ions  ca r r ied  out" i n  sect ions  3.1 -. 3.3 ind ica te  t h a t  

the  important e l e c t r i c a l  f a c to r s  are :  

D.C .  resistance/m of conductors i n  cable,  Charging current/m 

Diameter of cable and diameter o f  conductors, 

Required power flow. 

The important geographical f a c to r s  a r e  

Proposed average depth of crossing 

Temperature, thermal conductivi t y  of water 

Temperature, thermal conductivity of sand a t  shore ends 

Type of bottom a1 ong route 

The landing points should be chosen so t h a t  the cable  can be buried i n t o  



FIGURE 11 VARIATION OF FRACTIONAL RATING 
WITH RATIO OF c.s.areas 
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as h i g h l y  t he rma l l y  conduct ing sand as pdssi  b le ,  because t h i s  w i l l  

determine the  maximum power f l o w  f o r  a  g iven cab le  r a t i n g .  . 

The submarine r o u t e  should be chosen so t h a t  t h e  cab le  does n o t  s i n k  

i n t o  the  bottom. Th i s  a l s o  a f f e c t s  t h e  tendency o f  t he  cab le  t o  move 

on t h e  sea bottom, i t  i s  assumed t h a t  the cab le  does n o t  move. I f  the  

cab le  s inks  i n t o  thesand o r  i s  b u r i e d  t o  p revent  motion, t he  sand d r i e s  

around the cab le  and the the rma l  c o n d u c t i v i t y  o f  t h e  sand surrounding the  

cab le  f a l l s  f rom t h a t  o f  t h e  sea t o  a  value nearer  t h a t  o f  t he  sand a t  

t h e  l and ing  po in t s .  The o v e r r a t i n g  o f  t he  submarine s e c t i o n  w i l l  be 

a f f e c t e d  by whether o r  n o t  t h e  cab le  i s  b u r i e d  i n  t h e  seabed. The o v e r r a t i n g  

w i l l  have a  maximum o f  1.51 (conductor area) and w i l l ' d e c r e a s e  from t h a t  

va lue  as t h e  cab le  s inks  f u r t h e r  i n t o  t h e  bottom and d r i e s  the  sand. 

When the  thermal d i s s i p a t i o n  a t  the  shore ends has been est imated the  

maximum pdwer t r a n s f e r  can be c a l c u l a t e d  f rom the  c u r r e n t  

shore ends. The r e q u i r e d  power t r a n s f e r  can t h e r e f o r e  be 

es t ima te  t h e  number o f  cab les  r e q u i r e d  f o r  the  c ross ing .  

c u r r e n t  f o r  a  proposed cab le  must be taken i n t o  account. 

power f l o w  d e t r a c t s  from t h e  maximum power t r a n s f e r .  

capac i t y  o f  t he  

used t o  

The charging 

The r e a c t i v e  

- 2 2 ' 
'TOTAL - ( ' rea l  + ' r eac t i ve  

The maximum c u r r e n t  c o n t r i b u t i n g  t o  f l o w  o f  power becomes 

- 2 - 2 
' rea l  ('TOTAL ' r e a c t i v e  ) 

The power f l o w  through t h e  l i n k  becomes 

P  PHASE- . ' rea l = &V Ire.eal 
NEUTRAL 

The number o f  cables r e q u i r e d  can be est imated f rom 



n V 
'required = n.P/cable = 

P 
I rea I 



I 

C H A P T E R  4 

4 V A R I A T I O N  I N  WATER PRESSURE ALONG PROPOSED ROUTE 

Some consideration must be given t o  the s t a t i c  water pressure a t  the 

sea bottom, where a cable ins ta l la t ion  i s  being contemplated. I f  a solid 

cable i s  t o  be ins ta l led ,  the variation in pressure along a proposed route 

i s  unimportant, since the so l id  cable will not be affected by ingress of 

water other than a t  underwater jo in ts .  Ins ta l la t ion  of gas f i l l e d  cables 

or o i l  f i l l e d  pressure cables requires careful consideration of the 

maximum pressure along a route. The pressure d i f fe rent ia l  must always 

. be maintained s l igh t ly  positive-between the cable and surrounding water 

f o r  two reasons. The f i r s t  i s  tha t  under normal operating conditions the 

armouring of the cable i s  not subjected t o  excessive compressive s t resses .  

The second reason i s  t ha t  in the event of insulation f a i lu re  ingress of 

water i s  prevented and the f a u l t s  can be located eas i ly  by examining the 

water surface f o r  o i l  o r  gas bubbles. 

To a f i r s t  approximation the surface of the sea can be taken as an 

isobaric surface a t  atmospheric pressure. In th i s  study i t  i s  assumed 

tha t  the land cables a re  a l l  externally a t  atmospheric pressure. The 

external pressure therefore increases from atmospheric pressure t o  a 

value dependent on the depth of the cable. The internal pressure will 

be much greater  than atmospheric on dry land, decreasing s l igh t ly  due 

t o  pressure drop along the cable. A t  the deepest par t  of the cable 

route the internal pressure i s  s t i l l  very much greater  than atmospheric, 

b u t  j u s t  greater  than the external pressure. The variation of s t a t i c  

external pressure, s t a t i c  internal pressure and pressure d i f fe rent ia l  with 



the depth profi le  of a submarine route i s  shown i n  Figure 12 on page 40. 

The pressure external t o  the cable can be expressed as PSTATIC = pgd 

E XT 
2 d - depth (m) g - (9.81 m/s ) p - dens j ty  of water PA - 105 ~ m - *  

The internal pressure in the cable can be expressed 

L - length from pumping s tat ion ( m )  y - pressure drop fac tor  

= 0 i n  s t a t i c  case. 

I 

The pressure d i f fe rent ia l  becomes 

The cr i te r ion  fo r  correct operation i s  tha t  nowhere along the cable route 

showed dP fa1 l below a specified value, and should never be negative. In 

the s t a t i c  case y = 0 and dP = P(INT) - pgd. Where the cables a re  pumped 

internal ly  t o  cool them the value of y increases w i t h  the pumping velocity 

and density of coolant. In t h i s  study i t  i s  assumed tha t  the cables are 

e i the r  gas or o i l  f i l l e d  and tha t  no intentional motion of the gas or  o i l  

takes place. 

As the power flow in the cable changes the internal temperatures 

change. Expansion and contraction of the gas o r  o i l  ducts takes place, 

causing increases or decreases of the pressure d i f fe rent ia l .  Allowance 

must be made in the design of the pressure system fo r  the condition where 

the cable has been running a t  maximum permissible overload f o r  the 

maximum length of time and the internal pressure i s  a t  i t s  highest. On 

switching off  load the pressure d i f fe rent ia l  musi therefore decrease. To 



allow fo r  t h i s  the s t a t i c  internal pressure i s  raised to  a predetermined 

value, as mentioned previously. 

The internal temperature i n  the table  can be calculated i f  th,e cable 

current  i s  known, as  in the previous chapter, The temperature dis t r ibut ion 

a t  maximum permissible load can be used to calculate  the change in gas or  1 
o i l  pressure within the cable. A t  normal current levels  the d is t r ibut ion  

I 
i 

of excess pressure should be f l a t ,  as  shown i n  Figure 13 on page40, 1 

corresponding to  the s teadys ta te  s i tua t ion ,  where the heat generated heats 

the gas or o i l  and a normal working temperature and pressure i s  established. 

Coming off load r e su l t s  in  decrease i n  temperature and pressure as in 

Figure 14 on page 40. These changes in pressure should occur about a 

suf f ic ien t ly  high working pressure so tha t  negative pressure d i f f e ren t i a l s  

never ex i s t .  The pressure variations discussed should only be t ransient  

provided good pressure regulating equipment f S instal led i n  the system. 

The changes in  pressure can be approximated 

Gas Law. 

t o  by use of the ideal 

Pressure N/m 2 

Volume of Gas/Oil in Cable 1 
Ideal Gas Constant KJ/kg 
absolute temperature K 

no. of moles of gas 

- - mass. 
hlolecular W t  

densi ty  of gas 

e,g.  with a 66 kV Nitrogen Fi l led cable where the of f lo id  and on load 

temperature difference i S 6 0 ' ~  



FIGURE 12 DEPTH AND PRESSURF PROFILES OF 
A CABLE CROSSING 
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Gram Molecula'* occupies 22.4 l i t r e s  o f  N p  

The minimum pressure d i f f e ren t i a l  i n  steady s t a t e  should therefore be 

2 kept greater  than 12 kN/m or 0.12 atmospheres. 

For an o i l  f i l l e d  cable, the change in voluine during such a  heat cycle would 

be typical ly  5%'. I f  the system i s  regarded as  closed or constant, t ha t  

i s , t h a t  no o i l  flow takes place from the pump house unt i l  the internal 

pressure f a l l s  below a dangerous level ,  the hot t o  cold pressure 

different ia1 can be calculated. 

therefore 

This means t h a t  the minimum pressure d i f fe rent ia l  in an o i l  f i l l e d  I 
r 2 

cable must be maintained above 0.077 of the working o i l  pressure in the 
t 

cable, to  avoid negative pressure d i f f e ren t i a l s  on coming off load. 



The calculations in the previous section show tha t  the important 

e lec t r ica l  factors  are  

Required power flow and maximum variation of cable temperatures 

for calculated dissipation and seabed conditions. 

The important geographical factors  a re  

Maximum depth in route/s chosen. 

Length of cable required in each route.  

Seabed temperatures. 

When the required power flow has been decided the seabed temperatures 

and thermal conductivities can be used to  choose the rcute providing 

maximum dissipation of heat, as  discussed i n  Chapter 3 .  The maximum 

conductor temperatures can be calculated f o r  each route. The route 

providing the minimum f u l l  load temperature will require l eas t  additional 

pressure i n  the cable to  maintain a posit ive pressure d i f fe rent ia l  i f  

load i s  l o s t .  The maximum depth along t h i s  route can be used to  determine 

the minimum internal pressure required, should impregnated cab1 es be 

ins ta l led .  The no load temperature variation can be used to  calculate 

the pressure decrease f o r  both gas f i l l e d  and o i l  f i l l e d  cables on coming 

off load. Addition of the min imum internal pressure found previously 

and the maximum pressure decrease should give the minimum working 

pressure required to maintain a posit ive pressure d i f f e ren t i a l .  The 

pressure found in t h i s  way may be 

of which type of cables to instal  

the required gas or o i l  pressures 

1 ,  so 

were 

used as a deciding factor in the choice 

l i d ,  gas-f i l led or o i l - f i l l e d .  If 

so h i g h  t h a t  the pumping equipment 

currently available could not provide such pressures, sol id  cable may be 

a be t te r  a1 ternative.  



C H A P T E R  5 

SEA BED CONDITIONS 

The r e l i e f  of the  seabed i s  usually l e s s  rugged than t h a t  of dry I 
t 

land due t o  the  absence of erosion by winds and r a in .  The r e l i e f  of the ,l 

seabed tends t o  l i e  between being rocky and barren, i n  deep water t o  

undulating and sedimented i n  shallow water. The type of bottom onto 

which a cable i s  t o  be l a i d  not only a f f e c t s  the  thermal capab i l i t y  of 

the  l i nk ,  b u t  a l s o  can increase  the  d i f f i c u l t y  involved i n  successful ly  

laying a cable .  Should the  cable  faul  t , recovery must a l s o  be possible,  

and t h i s  must a l so  be re la ted  to  the  r e l i e f  of t he  seabed. 

While t he  cable i s  being l a i d  a tension must be maintained i n  the  

cable t o  prevent kinking of the  cable.  Due t o  the  laying of the  

armouri ng i n  cab1 es an instantaneous re laxat ion in laying tension can 

allow the  armouring t o  loosen and c r ea t e  voids i n  the  insu la t ion .  If an 

instantaneous increase i n  tension occurs the  armouring may be deformed 

beyond i t s  e l a s t i c  l i m i t  and on re lease  of t h 2  tension the  armouring i s  

bent out  i n to  a birdcage shape a s  the  cable con t rac t s .  During laying 

therefore  the  tension i n  the  cable must be kept between l i m i t s  defined by l 
these condit ions.  

Two f ac to r s  make control  of t h i s  tension more d i f f i c u l t .  In a l l  

but the  calmest of seas,  the  bowsheaves of the  laying vessel wil l  r i s e  

and fa11 w i t h  the  swell on the  water surface.  Unless the motion of the 

vessel i s  being control led by anchor winding, a s  mentioned i n  Chapter 2 , 

t h i s  motion of t h 2  brakes on the vessel produces an o s c i l l a t i o n  i n  cable 



tension about a mean value. The section of cable between the cable 

sheaves and the seabed will  not only be dis tor ted ax ia l ly  by the ship 

motion, b u t  may be damaged as a r e su l t  of i t s  being moved by the action 

of the sub-surface water motion. The second factor  which can make laying 

a cable more d i f f i c u l t  i s  the variation in bottom contour. As the laying 

depth decreases the payout r a t e  must decrease to  maintain an even, positive 

tension in the cable. I f  the laying depth suddently increases the payout 

ra te  must be increased t o  prevent excess tension. A certain maximum will 

ex i s t  i n  the acceptable amount of change in contour per uni t  distance of 

crossing. I f  the contour of the seabed i s  so varied tha t  the cable could 

not be la id undistorted and with no slack the cable would not be safe .  

The cable should not be la id onto a seabed which due t o  i t s  re la t ive  

f l u i d i t y  allows the cable to  sink deeper than 1 m .  I f  t h i s  happens, i t  i s  

doubtful whether f a u l t  recovery of the cable could ever take place. 

During such a recovery the retr ieval  tensions required to  r a i se  the cable 

out of 1 m of sediment would damage the armouring irreparably. Section 5.3 

analyses the tendency of the cable to  sink into a sedimented bottom. ' 

The seabed i s  c lassif ied by the s ize  of par t ic les  i n  the sediment 

on the bottom ( 6 ) .  The Wentworth c lass i f ica t ion  i s  shown below. 



Class i f i ca t ion  

MU D 

SAND 

STONES 

ROCK 

SAND/MUD 

P a r t i c l e  Size  

0.0625 mm 

Description 

Sof t  Mud, s i l t  o r  ooze general ly  

providing a smooth s o f t  surface  

From very f i n e  t o  coarse sand w i t h  a 

general ly  firm smooth surface 

Gravel, Shingle, pebbles, cobble and 
s h e l l ,  usual l y  f loor ing  a f irm bottom 

with varying amounts of sand and/or mud. 

Rock outcrops, boulders and bed rock, 
providing a broken and hard bottom. 

Generally s o f t  b u t  smooth botton. 

Usually found on f i rm sandy bottom. 

A1 though the sediment i s  being red i s t r ibu ted  continual l y  by sub- 

surface  cur ren t s  and no exact  boundaries can be drawn, submarine areas  

can be c l a s s i f i e d  by the  bottom type. The main area of i n t e r e s t  in  t h i s  

d i s s e r t a t i on  i s  Western I s l e s  of Scotland. A bottom-type cha r t  i s  shown 

i n  Figure 16 on page 46 . This char t  was drawn up by the  Ministry of 

Defence i n  1971 (6 )  and some boundaries may have a l t e r e d .  The type of 

bottom can a f f e c t  the sa fe ty  of the  cable.  I f  the  bottom i s  too s o f t  the 

cable wi l l  s ink i r r e t r i evab ly .  If t he  bottom i s  too rough, abrasion of 

the  cable  due t o  movement on the  bottom can lead t o  insula t ion f a i l u r e .  

The next sect ion r e l a t e s  the  type of bottom t o  the  pos s ib i l i t y  of  the  cable 

sinking. Chapter 6 analyses the  e f f e c t s  of sub-surface currents  on the 

cable and the  tendency o f  the  cable t o  move on the  seabed. 

Figure 17 on page 48 shows a cross  sect ional  drawing of a cable on 

the seabed. I t  i s  being assuned, f o r  the  purpose of the  following 

ca lcu la t ions  t h a t  the  laying of the  cable  onto t he  seabed has disturbed 



the bottom and en~bedded the cable s l igh t ly .  

Consider the cable of radius R ( m )  i s  i n i t i a l l y  sunk to (m) into a 
2  seabed of ultimate shear s t r e s s  a(M/m ) .  

The area of seabed i n  contact with the cable surface/uni t  length i s  

- 1 L 
'R 20 n2 where 9 = s in  (1 - +) -.-'m- 

The shear force acting paral le l  to the seabed can be resolved 

The f r i c t i o n  force opposing r e l a t ive  motion of the sediment and cable 

adds to  the (shear s t r e s s  X area)  force.  

The incremental area 

For the cable t o  displace sediment and sink, the d4wnward force of the 

cable through area A must exceed h e  maximum shear s t r e s s  of the sediment 

integrated over the area A .  To a f i r s t  approximation, assume the shear 

s t r e s s  i s  constant over A .  The force of the cable tangential to area h 

must a l so  exceed the s t a t i c  f r i c t i o n  force of the cable in  contact with 

the  sediment. 

Thus  

m solving f o r  D such t h a t  cable sinks. 





FIGURE 17 CABLE ON SEABED 

FIGURE 18 FORCES ON SEDIMENT PARTICLE 



0 i s  chosen to be small t o  estimate the tendency of the cable to  

begin sinking. As O increases, i . e .  as the cable sinks,  the resis tance 

t o  sinking passes through a minimum and increases again. This suggests 

i t  i s  eas ie r  i n i t i a l l y , f o r  a cable to  sink than i t  i s  fo r  the cable to  

keep sinking. The cos0 i n  the denominator implies the cable cannot sink 

beyond half i t s  depth ( 0  = 90') since a t  tha t ,  i n f i n i t e  resistance would 

be offered to  cable motion. This i s  due to  the assumption tha t  the weight 

of the cable has no horizontal component. I f  the sediment i s  f lu id  

enough t o  deform continuously under shear s t r e s s  the redis t r ibut ion of 

the sediment around the cable will move the layers of sediment past the 

axis of the cable and the cable will continue sinking,. The coeff ic ient  
t 

of s t a t i c  f r i c t i o n  a lso  exceeds the coeff ic ient  of moving f r i c t i o n ,  

therefore the f r i c t ion  force decreases as the cable begins to sink. 

I t  may be a reasonable assumption that  i f  the cable i s  suf f ic ien t ly  

heavy to begin sinking, i t  will continue t o  do so past i t s  axis and may 

embed completely. 

The ultimate shear s t resses  fo r  various sediments where a cable may 

sink are  given below. These figures a re  taken from a sediment property 

, study in (23) 

SEDIHENT U max 

MUD 6.89 kN/m 
2 

SAN D 10.33 - 13.78 kN/m 
2 

SAN G / M U  D 6.89 - 10.33 k ~ / r n ~  

STONES > 13.78 kN/m 2 

The coeff ic ient  of f r i c t i o ~  may be estimated. I n  a complete f lu id  

'nla X 
= 0 and  11 - 0. The coeff ic ient  of f r i c t ion  m y  be taken as 1 

wl-ere the sediment i s  ,just rough enough to prevent re la t ive  motion o f  

the cable surface and  the sediment. The sSze of par t ic les  i s  being 



est i i i la t~d a s  0.2 of  the  cable  diameter f o r  t h i s  t o  occur. This ind ica tes  

large stones would be t he  l imi t ing  case  f o r  t h e  c o e f f i c i e n t  of s l i d ing  

f r i c t i o n .  I f  a s t r a i g h t  l i n e  r e l a t i onsh ip  is assumed, i . e .  p = l  f o r  

0 >73.78 kN/m intermediate coe f f i c i en t s  can be ca lcu la ted .  A rock 

bottom is  estimated t o  have p = 0.5 by the  supply a u t h o r i t i e s .  

Subst i tu t ion of omax and p i n t o  equation (5.3a), f o r  0 chosen a s  60' 

[for a cable s u n k  up t o  hal f  i t s  depth] gives a r e l a t i onsh ip  between the  

suppcrtabie kl/D r a t i o  and the ul t imate  shear s t r e s s  o f  the  sediment. 

SEDIHENT m'Dmax 

CND 401 9 

SAND/I."IUD 4019 - 11027 

S Al l@ 11027 - 29419 

STONES .. 

The v i r i a t i o n  o f  \.!/Dfiiax ai ld o,,,,, i s  p lo t ted  i n  ~ i g u r e l g o n  pzge 51 . The 

W/D r a t i o  necessary to  sink i n to  sand, say, i s  almost ten times higher 

t h a n  present ly  ava i lab le  cable .  The lower end of the  graph has been 

enlarged in t he  i n s e t  t o  bring the  s c a l e  i n to  t h a t  o f  the  IJ /D r a t i o s  

avai lable  a t  the  present time. 

Section 5.3.1 showed tha t  f o r  the  cable to  s i n k , t h e  bottom sediment 

Hould have t o  be nore than 50% (by weight) water. This theory can be 
I $ 

W W . i u n c d  by the f a c t  t h a t  a  sunken galleon o f  W/D r a t i o ,  very much 
I 



FIGURE 19 SEDIMENT SHEAR STRESS vs. SUPPCRTABLE W RAT1( a -  - 
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The drag force existing between the seabed and the flowing water 

tends to  lower the re la t ive  velocity of the water and the bottom. As the 

par t ic le  s ize,  and density of the bottom decreases the r e l a t ive  velocity 

i s  decreased partly by deceleration of the water flow t o  form a boundary 

layer. The important mechanism i s  t h a t  the sediment becomes suspended in  

the water and flows in the same direction a s  the water. 

The tendency fo r  the par t ic le  t o  be moved by the flow of water can 

be analysed. 

Assuming spherical sediment par t ic les  as shown i n  Figure 18 on page 48 

each with a f ract ion y of the i r  surface area exposed to  the bottom water 

flow. 

An elemental area dA normal t o  the water flow will experience a force = 

Pressure X Area. 

An element dA, oblique in two dimensions will experience a force 

Sediment , volume The f r ic t iona l  restraining force = PR = Density 

The par t ic les  will become mobile when 



The c r i t i c a l  veloci ty  f o r  p a r t i c l e  movement can be p lo t t ed  aga ins t  the  

1 bottom sediment density.  y i s  estimated a t  3. The sediment densi ty ,  

p a r t i c l e  s i r e  and coe f f i c i en t  of  f r i c t i o n  a r e  a11 r e l a t ed  and can be 

changed f o r  each value of sediment densi ty .  

( m )  
3 

( kg/m 1 ( m/s I 
SEDIMENT PARTICLE DIA U DENSITY CRITICAL VELOCITY 

M U D  < 0.0625 mm 0.006 1249 0.0012 

S A N D  1 .0  - 1.5 IIHII 0.106 - 0.159 1506 - 1746 0.022 - 0.036 

SAND/MUD 0.0625 - 2.0mm 0.006 - 0,212 1249 - 1506 0.0012- 0.022 

STONES > 2  m > 0.212 > 2003 > 0.051 

The graph of the va r ia t ion  of c r i t i c a l  veloci ty  aga ins t  sediment densi ty  

( o r  bottom type) shows t he  tendency of ' the  sediment t o  move in t he  bottom 

current .  The graph appears in Figure 2 0  on page 55. 

This graph can be used t o  determine whether o r  not  a cable  wi l l  
C 

become s i l t e d  over i n  a pa r t i cu l a r  environment. When the bottom types,  

or more precise ly ,  bottom dens i t i e s  along a route  a r e  known, and the 

bottom cur ren t s  a r e  known the densi ty  and ve loc i ty  a t  each point  along 

a proposed crossing can he plot ted  on the  graph. I f  the point  l i e s  t o  

the l e f t  of the  c r i t i c a l  case,  the  sediment can move and the cable  may 

become s i l t e d  over. I f  t h e  point  l i e s  t o  the  right of the  l i n e  drawn 

the sediment wil l  remain s t a t i c  and no s i l t i n g  over wi l l  take place.  

The bottow current  can be estimated from the  surface  cur ren t s .  

Section 6.2 deals  w i t h  t h i s  est imation.  



The cable i s  f a r  more l ike ly  to  s i l t  over and sink than t o  sink 

under i t s  own weight. The important variables f o r  any cable become the 

sediment density and bottom currents. 



FIGURE 20 VARIATION OF SEDIMENT PICK - UP VELOCITY 
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C H A P T E R  6 

6, SUB-SURFACE CURRENTS AND FORCE ON CABLES ON SEA BED - 

The sediment on the seabed i s  continually i n  motion. This suggests 

appreciable currents e x i s t  near the seabed. A cable on the seabed will 

therefore experience a force due to  impinging water flow. If  t h i s  flow 

i s  suf f ic ien t ly  f a s t ,  o r  the water suf f ic ien t ly  sediment laden, the force 

on the cable may be suf f ic ien t  t o  produce motion. If  the cable moves 

abrasion of the insulation can lead to  insulation f a i lu re .  

There ex i s t s  three types of currents i n  the oceans. These currents 

a r e  generated by d i f fe rent  e f f ec t s  and consequently vary in magnitude. 

The currents a re  also present i n  varying proportions,constituting a net 

current flow. The proportions of these currents i n  the water i s  a function 

o f  geographical location. The currents a lso each vary with depth in 

d i f fe rent  manners. The net current a t  any point in  the sea will therefore 

be a unique function of position, depth, and time. The currents flow w i t h  

a cer tain speed in a given direction a more precise representation of 

the currents would beas water veloci t ies .  The current mechanisms, in 

order of decreasing magnitude a re  

Typical Max. Surface Velocity 

Tidal Currents 

Circulatory Currents 

Wi ndstressed Currents 

10 knots (.5 F )  
1.2  - 0.6 knots (0.6 - 0.3 F) 
0.06 knots 



The gravitational forces of the moon and the sun cause diurnal 

variations i n  the water dis t r ibut ion on the surface of the ear th.  The 

redistribution of the water volume has both horizontal and vert ical  

components. The vertical  components give r i s e  to  t idal  r i s e  and f a l l .  

The horizontal components give r i s e  t o  large scale  t idal  transport  of the 

seawater. The t ida l  motions give r i s e  to  three types of t idal  currents 

( a )  Rotary Type - Currents in open sea and along seaboards 

(b)  Reversing Type - Occur in inland bodies of water such as estuar ies  

( c )  Hydraulic Type - Occur i n  confined areas such as s t r a i t s .  

Clearly the two t ida l  currents of prime in t e res t  in  examining a submarine 

cable route a re  the reversing and hydraulic type. The currents in 

confined estuaries ,  sounds, channels and s t r a i t s  can be considerably 

greater than the offshore t idal  currents due to  the reduced area and 

constant volume flow ra te .  Prediction of t ida l  currents in a channel a t  

the design stage may be d i f f i c u l t .  A conservative rule  might be t o  examine 

the nearest recorded open channel t ida l  current measurement and regard 

th i s  as a minimum surface current in the channel. Up to  date hydrographic 

data may yield the currents a t  specif ic  times of the year. The highest 

current should always be chosen in design estimations. Figure 21 on page 58 

shows the surface and sub-surface currents around the Western I s l e s  of 

Scotland. 

! 
Circulatory currents a re  open sea currents which added together 

I 
const i tute  the major oceanic circulat ions.  The circulatory currents of 

in t e re s t  in  the choice o f  a submarine route a re  eddies and whirls of the 



t ( Whem diffzrent) 



major oceanic currents.  The surface current speeds are generally lower 

than t idal  current speeds. Unless a route i s  very close to  a large 

expanse of open sea and traverses a narrow s t r a i t ,  the e f f ec t s  of 

c irculatory currents can be neglected in design calculations.  

T h e  relat7ve windspeed a t  the surface of an expanse of water i s  

zero due t o  the boundary layer being decelerated to  r e s t  by the skin 

f r i c t i o n  of the water. The f l u i d i t y  of the water allows exchange of 

kinetic energy in t h i s  process. The surface layers of water a re  

accelerated and due to  internal f r i c t ion  the lower layers of water are  

accelerated as  a function of depth and surface windspeed. A velocity 

profi le  i s  created as the depth increases. For windstressed currents the 

velocity vectors l i e  within a logarithmic spiral  about a ver t ical  axis .  

The nagnitudes of these currents are  negligible in inshore applications.  

Just  as  the wind and the water surface a re  a t  r e s t  r e l a t ive  to  one 

another, the surface current decreases from i t s  surface value to  zero a t  

the seabed. A velocity prof i le  ex i s t s  which describes the variation of 

water velocity and depth. The currents a t  cable axis level can be 

predicted i f  the velocity gradients and depths of cable a re  known. 

An analysis of observations of veloci t ies  a t  surface and sub-surface 

levels ( 6 )  suggests a general relationship between surface currents and 

currents a t  depths. The highest surface currents occur in t ida l  streams. 

The t ide  generating forces appear to  produce streams which have the same 

direction a s  the surface currents from the swface  to depths of about 



54 m (30 fathoms). As the  bottom i s  neared f r i c t i o n a l  forces  cause a 

decrease i n  the  ve loc i t i e s .  In the  open waters around the  Br i t i sh  I s l e s  

a good approximation to  the  veloci ty  p ro f i l e  i s  t h a t  i n  waters l e s s  than 

54 m deep t he  ve loc i t i e s  remain constant  from the  surface t o  w i t h i n  10 m 

of the  bottom. The ve loc i t i e s  near t he  bottom have been found t o  be on 

average 0.75 of those a t  the  surface.  For depths g rea te r  than 55 m the 

veloci ty  a t  the bottom has been estimated a t  0.5 of t h a t  a t  the  surface ,  

although records a r e  scarce .  

Boundary layer  theory (12) suggests t h a t  near t he  bottom the  

decelerating water has a logarithmic p ro f i l e .  The boundary layer  i s  being 

estimated a t  0.033 of the  t o t a l  depth. The r a t i o  of the  cable radius t o  

the  depth of the  boundary layer  must be expressed a s  a logarithm to  the 

base ten.  The logarithm becomes the exponent of t he  f r ac t i on  3 .  The 

ra ised power f rac t ion  r e l a t e s  the  ve loc i t i e s  above the  boundary layer  t o  

the  veloci ty  a t  cable ax i s  l eve l .  The veloci ty  impinging on the  axis  

of the  cable becomes 

O.033D 
1°gl o ( m )  f o r  a standard 

= 0.75(0.5) s i z e  cable 

The var ia t ion of the  r a t i o  of the  bottom veloci ty  t o  the surface  veloci ty  

i s  p lot ted against  water depth i n  Figure 22 on page 61 . From t h i s  graph 

i t  i s  obvious t h a t  the shallower the water becomes the higher wi l l  be 

the  r a t i o  of bottom/surface current .  This means the  sect ions  of cable i n  

shallow water a t  the shore ends wi l l  be subjected t o  g rea te r  hydrodynamic 

forces  than those in  deep water. In very shallow water the  surface 

current  may not be t i da l  i n  nature. The tendency f o r  the  cable t o  move 

and abrade on the seabed i s  obviously g rea te r  in shallow water. The 

tendency of the  cable t o  move i s  analysed in  the  next sect ion.  



F I G U R E  22 VARIATION OF N T T O M  CURRENT DEPTH 
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The res i s tance  t o  the flow of f l u i d  around an immersed body var ies  

a s  t he  square of the  f l u i d  veloci ty ,  f o r  s u f f i c i e n t l y  low ve loc i t i e s .  

The re la t ionsh ip  can be derived from consideration of the  f l u i d  

pressure on an element dA of cable,  a s  shown i n  Figure 23 on page 63 . 

Resol v i  ng 2 
hor izontal ly  dFhorizontal = CDfpwv rcosede per u n i i t  length 

Where CD i s  a  drag coe f f i c i en t ,  normally almost 1 .  

The f r i c t i o n a l  res t ra in ing  fo rce  on t he  cable i s  simply PR where R = rng. 

I f  t he  f r i c t i o n a l  res t ra in ing  fo rce  i s  l e s s  than the  force  on the  cable 

due t o  the  water flow the cable will move. The l imi t ing case occurs when 

the  forces  a r e  j u s t  equal. 

Thus the f l u i d  veloci ty  to  j u s t  produce cable motion can be re la ted t o  

the  WeightIDiameter r a t i o  of the  cable by the  two f ac to r s  p and p.  As the  

coef f ic ien t  of f r i c t i o n  on the seabed decreases the re  wiJl be a g rea te r  

tendency f o r  the  cable to  move. As the  water becomes more sediment laden 



FIGURE 23 FORCES ACTING ON CABLE 



the force on the cable will  increase. The fa-ct t h a t  the sediment i s  in 

- 1 suspension means tha t  the cable may become s i l t e d  over and , the  hydrodynamic 

forces  will  decrease. 1 .  

The f l u i d  ve loc i t ies  can be plotted against  the weightldiameter 

r a t i o s  which will produce the l imiting case, f o r  each value of coef f ic ien t  

o f  f r i c t i o n  encountered on the seabed. 

* i  200 0.6 9.53 
-4 . . 

50 0.8 (SAND) 0.88 

The graph can be used to  determine the tendency of the cable to  move. 

If  the surface currents and the water depths along a par t icu lar  crossing 

a re  known Figure 22 on page 66 can be used t o  determine the velocity a t  

the cable ax i s .  This velocity i s  plotted against  the weight/diameter 

.a r a t i o  of the proposed cable.  The bottom type defines the l imi t  of s t a t i c  

2 ,  f r i c t i o n  and i s  selected from knowledge of the seabed. If the point 
B ". 

A 
! defined by W/D and v l i e s  above the l i n e  the cable may move. I f  the point 

g .  ' i , defined l i e s  below the l i n e  the cabie will rema:in s ta t ionary.  
8 J 

f U  



f , f o r  exampleSan in te rconnec t i on  was t o  be made across a  sandy 

channel o f  depth 20 m. A  p r e v a i l i n g  t i d a l  c u r r e n t  had been char ted  a t  

t h e  sur face a t  7 knots (3.5 m/s). Graph 22 on page 61 est imates a  

bottom c u r r e n t  o f  1.6 m/s. A t  t he  shore ends the bottom c u r r e n t  may r i s e  

2 t o  2.4 m/s. The proposed cable, a 33 k V y  3 core, 70 mm HSL type has 

Weight/Diameter r a t i o  210 kg/m. The s e c t i o n  o f  cab le  i n  t h e  deep water 

would be safe, s ince  the  p o i n t  de f ined on graph 24 on page 66 l i e s  below 

the  l i m i  

i n  condi 

t i n g  case f o r  a  mud bottom. The shore ends, however, a r e  ope ra t i ng  

t i o n s  where the  p o i n t  de f ined l i e s  above t h e  l i m i t i n g  case and 

may be expected t o  move on the  seabed. 

I n  t h i s  case t h e  shore ends o f t h e  l i n k  may be changed t o  heav ie r  

cable t o  ensure a  h igher  degree o f  sa fe ty .  The thermal r a t i n g  o f  t h e  shore 

ends may a l s o  demand t h a t  heav ier  cab le  be used, and may r e i n f o r c e  t h i s  

dec is ion .  Chapter 7 o f  t h i s  d i s s e r t a t i o n  draws together  t h e  design 

cons idera t ions  evolved i n  t h e  prev ious  t h r e e  chapters and i n  t h e  l a t t e r  

p a r t  analyses some s p e c i f i c  cases. 
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C H A P T E R  7 

7, SUYMARY OF DESIGN CONS IDERATTONS AFlD ILLUSTRATIVE 

EXAMPLES 

I t  has been stressed throughout t h i s  d isser ta t ion  tha t  the consideratio 

made during the course of th i s  study may not always draw out the optimal 

submarine route between two landbound points. These considerations may 

be applied to  determine the f e a s i b i l i t y  and securi ty  of a  submarine l ink. 

The chances of producing an optimal route from the design procedure in 

t h i s  disser tat ion increase with the accuracy and comprehensiveness of 

the data available.  The following sections indicate 'the type of information 

required and the l ike ly  sources of t h i s  information. Relevant equations 

and f igure numbers are  a l so  included. 

The existing mainland grid system and load centre of the isolated 

community must be identified i n i t i a l l y .  F la t ,  sloping, sandy beaches 

should be chosen as discussed in s e c t i ~ n  2.1 of t h i s  d isser ta t ion .  Having 

established several landing points a  number of routes can be drawn out 

on the basis of topographic information. Although nct available to the 

wri ter  of t h i s  disser tat ion a  Navy publication ( 7 )  has exceptionally 

detailed and accurate information on the topography and many other aspects 

of the waters around t.he Brit ish I s l e s .  The routes chosen should traverse 

the l e a s t  varying depth. Submarine contour charts a re  included in ( 6 ) .  

The order of merit for  the chosen routes may be established by considering 

the following sections of t h i s  chapter. 



Seabed temperatures and compositions must be considered i n  t h i s  

section. When the required power flow to  the community has been determined 

the existing grid voltage a t  the mainland shore end defines the current 

flow required in the l ink.  If the existing supply i s  a t  V, kV the phase 
1 v01 tage wi l1 be - Vm kV. The to ta l  current flow can be determined by 

dividing the, required to t a l  power by the phase voltage. For three phase 

cables t h i s  current flow will be divided into three phases. The power 

dissipated i n  the cable will be three times the heating loss  in each 

conductor. For three phase supply using s ingle  phase cables the current 

flow can be divided into each cable. The power dissipated in each single 

core cable will be one th i rd  of the power in a three phase cable. 

The thermal properties of the seabed and shore ends may be used to 

calculate  the maximum current flow in each cable, a s  shown in section 

3 . 3 . 3  on page 29. The number of cables required f o r  the required power 

t ransfer  may be found by dividing the required current flow by the maximum 

current flow in the l ink, a s  def i~ ,ed  by the shore ends. 

Economy in the number of cables required may be found by choosing 

landing s i t e s  which allow the shore ends to  be buried. The fract ion of 

the rating of the submarine cable used may a lso  be increased by correct 

choice of landing point. 

Equations (3.3a) and (3.3b) may be used t o  calculate  the maximum 

current flow i n  the link. 

If a pressure cable i s  to be used for  the connection to an island 

the pressure variation along the route must be considered. 



A depth profi le  of each proposed route i s  required and in each case 

the length of cable necessary and maximum depth must be known. The f i r s t  

consideration i s  to  minimise the depth and length of route, subject to 

equality in other aspects. The minimum pressure d i f fe rent ia l  f o r  each 

route may be worked out and the required delivery pressure fo r  the gas or 

o i l  calculated as in section 4.1. Due care must be taken to ensure tha t  

the most severe load t rans ien t  does not r e su l t  in negative pressure 

d i f f e ren t i a l s  anywhere along the route (section 4.2) .  The r e su l t s  of 

section 4 indicate tha t  the complete loss of supply in a typical gas 
L 

f i l l e d  cable resu l t s  in a 0.1 atmospheres drop in pressure. For a route l 

of maximum depth 20 m the internal pressure of the cable must be maintained 

above 2.0 atmospheres. For an equivalent o i l  f i l l e d  cable the internal 

pressure must be greater than 2.1 atmospheres. 

Chapter 7 showed t h a t  the danger t o  the submarine cable was mainly 

the poss ib i l i ty  of the cable becoming s i l t e d  over. Only in very wet mud 

would the heaviest cable sink as a r e su l t  of s e t t l i ng  of the bottom. 

The pick-up velocity f o r  bottom currents increases as the pa r t i c l e  s ize 

on the bottom increases. Once the required cable has been ident i f ied ,  

the weight to  diameter r a t i o  can be determined. The current a t  the level 

of the .ax is  of the par t ic les  can be calculated. Using equation (6a) 

the r a t i o  of the seabed and surface veloci t ies  can be establjshed. The 

exponent in 6a becomes the logarithm of ,  the boundary layer depth 

divided by the partScle radius. The type of seabed can be established by 

consulting ( 7 )  or ( 6 ) .  Using the graph on page55 the bottom conditions 

can be plotted. If  the point l i e s  to the r ight  o f  the l imiting case, no 
i 

sediment will be in transport .  If the point l i e s  to  the l e f t  of the 

limiting case the flow of water on the seabed will be sediment laden. 



The increased average densi ty  of the  flowing water may r e s u l t  i n  increased 

hydrodynamic forces  act ing on t he  cable.  

I f  a seabed i s  muddy, the p a r t i c l e s  wi l l  be small.  The increased 

hydrodynamic forces on the  cable may be o f f s e t  by the  cable  s i l t i n g  over 

and becoming protected from the  flow of water. The cable may s ink 

i r r e t r i evab ly  i n  t h i s  case and c r ea t e  thermal problems i n  operation.  I f  
- 

a route i s  f l a t  and rocky the  cable wi l l  not s ink.  If the  water i s  

sediment f r e e ,  flowing a t  normal densi ty  the  chances of the  cable  moving 

can be estimated normally. A dangerous s i t ua t i on  i s  where a flow of 

sedimented water impinges on a cable on a f l a t  rocky bottom. Generally, a 

f l a t  sandy bottom i s  a good compromise. The cable wi l l  not  sink i r r e t r i evab ly  

and wil l  just be located firmly by the  bottom sand. 

The tendency of t he  cable  t o  move was analysed i n  chapter 6 .  

The weight to  diameter r a t i o  of the  cable must be calcula ted by 

considering the  required power flow and thermal r a t i ngs  of the  

environment. The t i da l  streams f o r  t he  crossings under consideration must 

a l so  be i so la ted  and t h e i r  surface  ve loc i t i e s  estimated. The depth of 

the crossings must be considered i n  three  places.  A t  t he  shore ends and 

the  centre  t he  depths and bottom types must be found by consult ing the  

Navy publication ( 7 ) .  The t i da l  streams may a l so  be described i n  t h i s  

book. Any unusual fea tu res  on t he  bottom of a crossing wi l l  a l so  be 

mentioned and must betaken i n to  account. 

For each route i n  concern the  bottom currents  can be estimated 

using graph 22 on page 61 . The bottom currents  may be p lo t ted  against  

the  weight t o  diameter r a t i o  i n  graph 24 on page 6 b. Several 1 imi t ing 



cases of cable motion e x i s t  depending on the  bottom composition. After 

se lect ing t he  appropriate l imi t ing  case corresponding t o  the  bottom type 

of t he  route the tendency of t he  cable t o  move can be estimated. If the 

point l i e s  to  the  r i g h t  o f t h e l i m i t i n g  case the  cable  wil l  remain fixed 

i n  posi t ion.  I f  the  point l i e s  t o  the  l e f t  of the  l imi t ing  case the 

cable wil l  move. The cable should e i t h e r  include heavier sect ions  i n  

locat ions  where i t  may move o r  should be anchored a t  i n t e rva l s .  A sa f e r  

design ru l e  wwoyld be t h a t  crossings where t he  cable would move should be 

avoided. 

The considerations drawn t ~ g e t h e r  i n  t h i s  chapter should be consis tent  

and appl icable  t o  every proposed crossing.  Exceptional circumstances 

may, nevertheless,  have t o  be taken i n to  account. 

The f i r s t  example concerns a f a u l t  which occurred i n  the South Uist  - 
Barra 11 kV submarine cable.  The cable i s  l a i d  i n  shallow water of 

maximum depth 20 m and crosses a sand and rock bottom. Tidal surface 

currents  were estimated a t  1.5 m/s. The l i n k  i s  shown i n  Figure 2 5 

on page 7 3 . 

On Monday 8 th  December 7975 supply t o  Barra was l o s t .  The cable 

sheath had become cracked a t  a dis tance of 1 km from the  South Uist  

Terminal. The surface t i d a l  currents  a t  the time of f a i l u r e  were recorded 

a t  3 m/s ( 6  knots) .  The cracking of the  cable was a t t r i bu t ed  t o  work 

hardening of the  lead sheath due to  motion of the  cable on the seabed. 

Considerable evidence of sediment t ranspor t  was found. 



Using' the considerations i n  Chapter 6 of this d i s s e r t a t i on  the 

events t h a t  lead t o  the  f a i l u r e  of t he  cable can be analysed. 

For surface  currents  of 1.5 m/s in  a depth of 20 m t he  bottom 

velocity can be estimated a t  0.47 of the  surface veloci ty  from graph 22 

on page61 . The bottom veloci ty  would be 0.7 mls. 

- 195 kg/m. For t he  cable used the  weightjdiameter r a t i o  was m - 
The bottom type a t  the  f a u l t  was rocky outcrop i n  nature.  This defines 

the lowest l imi t ing case plot ted i n  graph 24 on page66  . 

Plo t t ing  the  W/D r a t i o  and the  bottom water veloci ty  a point  below 

the l imi t ing case i s  defined. The cable should not have moved under 

normal circumstances. 

The cable motion may have been due to  two fac tors .  

1. The bottom ve loc i t i e s  appear s u f f i c i e n t l y  high t o  have transported 

the sand. Graph 20 on page 55 bears t h i s  out .  Increased f l u i d  densi ty  

may have caused cable motion i n  the  t i da l  streams. . 
2. For surface  currents  of 3 m/s i n  a depth of 20 m the  bottom 

ve loc i ty  can be estimated a t  0.47 of the  surface  veloci ty .  T h i s  

suggests bottom ve loc i t i es  of 1.4 mjs. P lo t t ing  t h i s  'point on 

graph 2.4 defines a point well above the  l imi t ing  case and the  

cable should move i n  t h i s  case. This explains t h e  f a u l t  occurrence. 

This example i l l u s t r a t e s  the  way i n  which the  tendency of the  cable 

t o  move on the  seabed can be checked. I t  a l s o  shows t h a t  even designing 

the route f o r  normal surface currents ,  excessive cur ren t s  may occur which 

may lead t o  f a i l u r e .  



FIGURE 2 5  SOUTH L i S T  - BAI?RA A N D  



In 1975 a disser tat ion (15) in the Electrical Engineering Department 
8 

of Edinburgh University analysed the f eas ib i l i t y  of connecting two diesel 

generating s tat ions in Stornoway and South Uist. The l ink was to  have 

been 33 kV a.c.  double c i r cu i t  and was t o  include 16 km of submarine 

cable. The proposed route i s  shown in  Figure 25 on page 73 . This 

prospective link i s  an ideal example of submarine power interconnection 

in the Western Is les  of Scotland. 

The interconnection may be analysed using chapter 3 - 6 of t h i s  
. . 

disser tat ion.  

1. Thermal Rating. The required power flow to North Uist i s  estimated 

a t  30 MW. The present ins ta l la t ions  on Harris a re  33 kV double 

c i r c u i t  overhead -lines. The required current flow in the l ink must 

I max phase = 
3 0 . 1 0 ~  

= 530A 
3 3 . a  

The maximum current flow, limited by the shore ends being buried 

into sandy beaches can be calculated. 

L 4 

The constants are  l i s t ed  on page29 fo r  a 33 kV solid cable 

W W C, = 0.42 - C 2  =, 7.9 - W C3 = 2.3 - f o r  sea 
O C O c  O c  

0 '32 - 1.2 h = 0 . 8  C4 = 1.1 - W f o r  sand 
O C 

RDC/m can be found ( 2 )  for  HSL cable to  be 2.7 X I O - ~  W m .  

Tma x and T m i n  for  the cab1 e and shore ends ;an be taken as 75 and ?Soc. 

For the submarine section Tmin = 15'. 



The submarine se ct ion c 
3 - 6 0 ( Q S i )  10-1 

an carry 3 x [- = 1 b . 3  A 
3 0.268(2.2)1.88 

The charging current i s  quoted as  1.6 A/km f o r  each conductor. 

The charging current can be neglected as  i t  i s  only 80 A .  The 

decreased amount of current cont r ibut ing  to  power flow becomes ZYO A .  

50(0:2q2j 103 1 ' The shore ends can carry 3 X = \qo C\ 
3 0.268 2 . 2  1.88 

Two points a r i se  from t h i s  calculation. 

a .  The conductor area of the shore end sections must be increased 

to  f u l l y  load the submarine section. From the graph in Figure 11 

on page 31 the ccnductor area must be increased to  1 . 2  times tha t  of 

the submarine sect ion,  In t h i s  case the shore ends could be increased 

2 2 from 70 mm t o  95 mm . 

b. The submarine l ink must be nine c i r c u i t  in order t o  supply 

the required power. The required current would be 524 A .  Using 

nine c i r c u i t  submarine cable, the maximurn safe  current would be 

570 Amps. 

2.  Pressure Variation. The submarine route i s  suf f ic ien t ly  short  a t  

16 km and the crossing suf f ic ien t ly  shallow t h a t  solid cables 

would suff ice in t h i s  case. 

3 .  Bottom Conditions. Figure 16 on page 46 indicates tha t  the 

proposed cable would cross a rocky expanse of seabed. No sand or 

s i l t  appears suf f ic ien t ly  near t o  bury the cable or increase the 

hydrodynamic force on the cable. The coeff ic ient  of f r i c t i o n  

can be taken as 0.5 in th i s  case. 

4 .  Tendency of cable to  move on seabed. Records ( 7 )  show tha t  the 

highest currents in the Sound of Harris a re  2 .5  m/s. The deepest 



par t  of the  crossing i s  100 m i n  depth. The shore 

10 m of water. 

ends would be i n  

The shore ends would have W/D r a t i o  218 kg/m. The bottom ve loc i t i es  

i n  10 m of water would be 0.56 of the  surface veloci ty .  In this 

case 0.56 2.5 = 1.4 m/s. Plot t ing the  W/D r a t i o  against  t h e  bottom 

curcent the point defined l i e s  above t he  l imi t ing case and the  cable 

may be expected t o  move. 

In t h i s  case the cable could be laid i n  loops a t  the shore ends. 

The transverse force on the cable would be minimised along the  

length of the  cable. The cable could be anchored a t  the extremit ies  

of the  loops. 

The power cable connecting Shapinsay and Stronsay i n  the  Orkney Islands 

was i n s t a l l ed  i n  water of charted surface veloci ty  2 m/s. A 33 kV, 
2 70 mm HSL cable was used and considered s u f f i c i e n t l y  heavy t o  remain 

without moving i n  these currents .  Examination by a diver during a strong 

t i d a l  run discovered t ha t  the  cable was v i s i b ly  moving back and fo r th  on 

the seabed. The surface ve loc i t i es  have s ince  been measured a t  4 m/s. 

The North of Scotland Hydro Elec t r i c  Board a r e  considering armouring 

and weighting this cable. With the information given the amount of 

weighting necessary t o  immobilise the  cable can be calcula ted.  

The cable was found t o  be moving on a rocky bottom i n  34 m of water. 

For a 4 m/s surface veloci ty  the  graph in  Figure 22 on page 61 suggests 

t ha t  the water veloci ty  a t  cable axis  level would be 0.44 m/s = 1.6 m/s. 

On a rock bottom the weight t o  diameter would have.to be increased t o  

430 kg/m. The weight/m of the  cable would have t o  be increased t o  43 kg/m. 



An additional 20 kg/m would have to  be added to the cable. 200 kg bal last  

bags o f  cement could be added every 10 m o f  cable length. Additional 

security could be found by increasing the weight o f  ba l l a s t  every 10 m 

or  by decreasing the spacing between the ba l las t s .  



C H A P T E R  8 

As a r e su l t  ofthework carried out in this disser tat ion several conclusions 

can be made. 

1. The high costs involved in commissioning and repairing submarine 

power cables s t resses  the need f o r  accurate design of routes. 

2. With the most s t r ingent  of designs a  high probability of cable 

f a i l u r e  s t i l l  ex is t s  due to  third party damage or due to unpredicted 

submarine conditions. 

The technical considerations in t h i s  disser tat ion have suggested 

the following features which may be used in designing a  cable route:- 

3. Due to the high thermal conductivity of seawater a  submarine cable 

section can carry 5 x  more power than an exposed section of cable 

on dry land. The shore end sections of a  cable are the limiting 
9 

sections forthepower flow through a  submarine l ink. Burial of 

the shore ends into wet sand may allow an increase in the power flow. 

For maximum usage of the capacity of the submarine section the shore 

end cables should be about .bo% greater in cross sectional area.  

4 .  The use of pressure cables does not seem necessary f o r  local 

interconnections around the coasts of Scotland. On longer, deeper 

l inks gas-or o i l - f i l l e d  pressure cables can be used to  e f fec t  supply. 

5. The type of bottom onto which the cable i s  to be la id must be given 

careful consideration. There appears to  be no danger of the cable 

sinking into sediment. The hydrodynamic forces acting on sediment 

par t ic les  may besuff icient  to transport the sediment from around 

the cable. If t h i s  i s  the case the cable will sink. If the 



cable sinks too f a r  into the sediment i t  may become i r re t r ievable  

i n  the event of a f a u l t .  

6. From simple considerations the coeff ic ients  of s l iding f r i c t i o n  on 

various types of seabed can be estimated. When compared with those 

obtained experimentally reasonable agreement i s  found. 

7. T h e v e l o c i t y p r o f i l e  for  t ida l  streams, discussed in section 6 .2on 

page 60, ag 

hydrodynami 

r e e s  well with experience and allows prediction of 

c forces on cables on the seabed. 

A maximum surface current ex is t s  fo r  every cable la id  onto every 

type of seabed. If  the surface current exceeds th i s  value the cable 

will  move on the seabed and abrasion of the amouring will take 

place. The hydrodynamic forces on a cable a re  greater  in shallow 

water than in deep water. Because of t h i s  the submarine sections 

tend to  move more a t  the shore ends. In order to  prevent such 

occurrences the weight to  diameter r a t i o  of the shore ends must be 

increased by e i the r  using heavier cables or by weighting existing 

cab1 es.  

These considerations suggest a ser ies  of design rules which can be 

applied to  any l ink and may increase the securi ty  of the l ink ,  once 

ins ta l led .  
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ADDENDUM 

SUBMARINE TRANSMISSION OF WAVEPOWER 

The preceding disser tat ion describes the design constraints applicable 

when considering submarine cable l inks.  One interest ing application of th i s  

technology i s  in the transmission of wave-produced e l ec t r i ca l ly .  This 

addendum considers an i l l u s t r a t i v e  example o f  a wave-power scheme to  show 

how the rules described in the disser tat ion should be applied. 
i 1 

Two schemes have been considered which may be used to  carry 400 MVA l 

f r om 20 km offshore to  the Western Is les .  , 
1 

(1) High Voltage A . C . / D . C .  
8 

(2)  Low Voltage A . C . / D . C .  

Each scheme can be examined under the following c r i t e r i a  

(a )  Number of cables.required to  transport  power 

( b )  Necessity of pressurising cables 

( c )  Tendency of cables to  move i n  shallow water. 

420 kV A.C.  ( 3  Cable) L i n k  

3 420 kV D . C .  ( s ingle  4 )  cables could be used to  make u p  a 39 c i r c u i t ,  

( a )  - Required Current Flow 

Maximum Continuous - Current 
B./ 

Thus the required current flow could be met using a 420 kV,  3 single phzse 
\ 

cable connection. 



(b) The cab1 es would have to  be o i l  f i l l e d  and pressurised to around 

2 500 kN/m f o r  submerged depths of 50 m,  in order t o  maintain a posit ive 

pressure d i f fe rent ia l  between the cable and the sea bottom 

(c) I f  the depth of the water a t  the shore ends i s  known, and the t idal  

velocity,  the bottom current can be predicted from graph 22. 

For a 420 kV cable of W/D r a t io  310 kg/m to  remain s tat ionary on the 

following bottoms, the bottom veloci t ies  must be below 
f 

Mud or  Solid Rock 1.2 m/s 

Sand/Mud 1.8 m/s 

Sand 2.1 m/s 

The landing points must be chosen to  sa t i s fy  these conditions. The more 

l ike ly  outcome i s  tha t  the cable would become s i l t e d  over (graph 20). 

+ 250 kV D.C. (2 cable) L i n k  

(a )  Required Current Flow 

Maximum COR ti nuous Current 

Two D.C. Links would thus be required to  a1 low transfer  of the required 

power. 

(b) Two al ternat ive types of cable, and hence ~ i e s s u r e  f lu id  could be 

used. Gas f i l l e d  cables such as those used in the Cook S t r a i t  Link could 



1 
be used, or Mollerhoj cables could be used. Again a minimum internal I 

pressure of 5 atmospheres would be required. 

( c )  For a 250 kV cable, the W/D r a t io  i s  estimated a t  360 kg/m. Thus i t  i s  

again possible to predict the safety of the cable, i f  the surface velocity, 

water depth, and bottom type are known. 

I f  the cable i s  la id  onthe following types of bottom, the corresponding 

maximum currents ex is t .  
i 
i 

Mud o r  Solid Rock 1.4 m/s 

Sand/Mud 

Sand 

Again, though, s i l t i n g  over of cables would be a more l ike ly  r e su l t .  

Lower voltage cables can be used, b u t  the e f f ec t  i s  t o  increase the 

current flow and hence number of cables required. For example, a 33 kV 

supply of 30 H V A  requires nine three phase cables. 

I t  would appear more sensible to lay one or perhaps two links a t  

high voltages, than to have to repeat a laying proceedure several times 

fo r  a low voltage l ink. 




